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Abstract
Multipath fading adversely eects mobile communication because erratic varia-
tions in signal intensity across short distances degrades communication quality
and interferes with signal detection. Diversity techniques counteract fading by
combining multiple signals aected by independent channel distortions to min-
imise signal nulls. Eective diversity performance require these signals to exhibit
equal average power and have uncorrelated fading.
Polarisation diversity is a form of antenna diversity that captures signals re-
siding in orthogonal polarisations using polarisation sensitive antennas. These
antennas can be mounted in close proximity, allowing for spatially compact an-
tenna structures. This property makes polarisation diversity the only option for
spatially conned applications.
The major disadvantage of traditional polarisation diversity is that the av-
erage power between captured signals is severely imbalanced. This imbalance is
inuenced by channel depolarisation and geometries of the transmitter and re-
ceiver antennas. Existing research using specic antenna geometries in the mobile
uplink fails to account for varible transmitter and receiver orientations which also
contributes to the average power imbalance.
The solution for power balanced polarisation diversity branches that also
negate orientation eects is the combined use of specialised antenna geometries
and channel specic elliptically polarised signals. This research allows polarisa-
tion diversity to counteract signal fading more eectively, and therefore guaran-
tees greater reliability in mobile communications.
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Chapter 1
Introduction
The challenge to provide undistorted, reliable and seamless communications whilst
on the move is a complex problem that continues to confront mobile communi-
cations engineers. The hostile and highly lossy nature of the mobile channel is
often regarded as the main reason for the diculty of the task.
Signals in mobile communications are relayed between the transmitter and
receiver through the broadcast of radio waves into a shared wireless medium.
Signal coverage is established as the radio wave propagates throughout the cel-
lular region. However, there are no dedicated physical paths through which the
transmitted signals are guided, causing the majority of the transmit power to be
lost. Only a fraction of this power is ever recovered by the receiver.
Complications arising from the lossy nature of the mobile channel are fur-
ther exacerbated by the elevated levels of signal interference, imposing signal
distortions and disrupting the detection process. Interference is caused by the
emission of electromagnetic radiation from spurious currents which induce alter-
ations to the original signal. Examples include microwave background radiation,
co-channel interference, adjacent channel interference, inter-symbol interference,
inter-modulation interference, multi-user interference and hostile radio jamming
interference [86].
The already dicult task of establishing reliable communications in the mobile
channel is further worsened when signal fading, a consequence of the way signals
propagate in the mobile channel, impose further deteriorations on the transmitted
signal.
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1.1 Signal fading
Signal fading is the loss of signal power due to the nature of signal propagation
within the mobile environment. Fading is generally characterised to exhibit both
large scale and small scale phenomena. Their classication depends on the dis-
tances considered across the duration of observation [43]. This allows for the
description of separate mechanisms which contribute to signal fading. The large
scale fading eects are characterised by path loss and shadow fading, while the
small scale fading is described by the multipath fading model.
1.1.1 Average path loss
The average path loss is a large scale fading eect that is observed when the
distances considered are in the order of several kilometres. This kind of fading is
primarily attributed to the loss of power density as propagating radio wavefronts
expand in space [56,93].
Theoretical and experimentally based path loss models in the literature agree
upon the logarithmic attenuation of signal power as a function of the distance
separating the transmitter and the receiver [29, 38, 100]. A popular model of the
log-distance path loss is based upon the Frii's transmission formula
L (d) = L (d0) + 10n log10

d
d0

; (1.1)
where L (d) is the average path loss in decibels (dB), d is the distance between the
transmitter and the receiver, and L (d0) is the reference path loss at a distance
d0 from the transmitter [79]. The path loss exponent n describes the rate at
which the average power density is lost as a function of distance. For free space
propagation, n is equal to 2, and the signal intensity is seen to be inversely
proportional to the square of the distance [82]. However, these values have been
reported to vary from 1.8 to 6, depending on the propagation environment [3,12,
29,77,79,93].
Accurate knowledge of the average path loss is important since it determines
the eective range of base stations and predicts the boundaries of cellular regions.
The strategic placement of base stations remains the most eective way to ensure
a reliable cellular coverage [40].
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1.1.2 Shadow fading
Shadow fading is another large scale fading eect. This kind of fading is seen when
distances considered are in the order of several hundred meters. Shadow fading
describes the loss of power density as the transmitted signals engage with large
terrestrial obstacles over irregular terrain [72]. Major features of the environment
such as hills, and water surfaces can become refracting edges or reecting sur-
faces that causes the average signal intensity to uctuate randomly about a mean
intensity level previously predicted through the average path loss [79]. Though
shadow fading is predominantly inuenced by major geographical features, ob-
jects along the path of propagation with the physical dimensions comparable to
the transmitted signal wavelength has the potential to inuence the severity of
shadow fading [56].
Experimental measurements taken in the eld demonstrate that amplitude
uctuations are log-Normally distributed about a mean value predicted by the
average path loss [8,20,93]. The shadow fading component is incorporated math-
ematically into the average power loss with the addition of the shadow fading
component X,
L (d) = L (d0) + 10n log10

d
d0

+X ; (1.2)
where X is expressed in dB, and is modelled as a zero mean Gaussian random
variable, with a standard deviation  which is also expressed in dB. Typical
values of  can range from 6 dB to 8 dB and depends on the location [93]. An
eective way to counteract shadow fading is to assign multiple base stations to
simultaneously service a given cellular region [49].
1.1.3 Multipath fading
Small scale fading is observed when distances over a few tens of wavelengths are
considered. Small scale fading is sometimes also called multipath fading, as the
observed amplitude uctuations are direct consequences of the constructive and
destructive interference caused by the multipath nature of signal propagation [39].
Multipath propagation occurs when radio signals broadcast by the transmit-
ter diverge and propagate over a number of independent routes before arriving
at the receiver. Signals in each route traverse dierent distances and converge on
3
CHAPTER 1. Introduction
0 50 100 150 200
−50
−40
−30
−20
−10
0
10
Time (ms)
Si
gn
al
 In
te
ns
ity
 (d
B 
ab
ou
t R
MS
)
Figure 1.1: Envelope of a 1.2 GHz signal subject to multipath fading.
the receiver with dierent time delays and phase osets. These wavefronts su-
perimpose upon arrival at the receiver and produce a standing wave environment
that exhibits peaks and nulls in the signal intensity [69]. Extreme variations in
the instantaneous power of the received signal occur across very short distances.
Fig. 1.1 illustrates the simulated envelope of a 1.2 GHz signal captured by a
mobile terminal travelling at 100 km/hr within a multipath fading environment.
Constructive interference may yield temporary peaks in the signal intensity, but
destructive interference can reduce intensity levels to 45 dB below the mean. Sig-
nal fades occur frequently, with successive instances appearing quasi periodically
at intervals of every half wavelength [79]. The rate at which signal nulls occur for
a mobile terminal travelling at this speed is in the order of a few hundred cycles
per second.
What can be inferred from such an observation is that the occurrence of
the deep fades will be at least an order of magnitude less frequent for mobiles
travelling at slower speeds. However, this does not mean that the degree of the
fades will have become any less severe. A reduction of the fading rate consequently
increases the duration of deep fades. Furthermore, if the mobile unit was to
4
1.2 The conditions for micro diversity
become stationary, there is always the possibility that it would land within one
of these deep fades [42], ultimately terminating any means of communications.
Given both the severity and frequency of the amplitude uctuations, reliable
communications on the move becomes a formidable task. Preserving the link
quality is especially problematic since noise levels do not reduce following sudden
fades in signal strength.
1.2 The conditions for micro diversity
While the strategic placement of base stations to create overlapping cell tessel-
lations for better signal coverage can be used to negate large scale fading, small
scale fading can not be addressed in this manner. This is because small scale
fading is not the result of the dispersive loss of power, but rather the direct sig-
nal cancellation from the superposition of incoming signal wavefronts. Multipath
propagation still gives rise to the problem of small scale fading, irrespective of
the number of additional base stations installed.
Micro diversity techniques can be used to alleviate the eects of small scale
fading by addressing the problem with the objective of minimising the occurrences
of destructive interference [43]. This can be achieved if multiple independently
distorted copies of the transmitted signal are obtained and appropriately com-
bined. The fundamental principle at work is that a simultaneous signal null
across all received copies is signicantly less probable compared with any indi-
vidual copy [96]. For instance, if two independently received signals subject to
unique fading eects each have a 10% probability of being within a -10 dB fade,
the probability of such event occurring simultaneously reduces signicantly to
1%.
The improvement in fading reduction with this example is only possible on
the condition that the separate diversity signals are available, exhibit statisti-
cally independent fading, and have equal average signal power [14]. If fading
characteristics are not independent, the fading is said to be correlated, and the
eectiveness of diversity reduces since simultaneous fades become more likely.
A balanced average signal power is also important, as it ensures that diversity
sources can contribute equally in reducing the probability of the fades.
5
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1.2.1 Fading correlation
Fading correlation measures the similarity of distortions observed between two
diversity signals. The correlation coecient quanties this similarity with a score
between 1 and -1 [74]. When the correlation coecient equals 1, the fading is
said to be completely correlated, and exhibits no dierences between the received
signals. On the other extreme, when the correlation coecient is -1, the signal
fades are said to be anti-correlated. Theoretically, an anti-correlated pair of
equal power diversity signals with a selection combiner would negate the problem
of fading completely, since as one copy fades, the alternative copy peaks [90,96].
Although negative correlation coecients have been observed in the literature
[15,27,59,97], these values have been close to 0. For Rayleigh channels, negative
correlation is impossible, and the case of statistically independent, or uncorrelated
fading with a coecient of 0 is the best achievable outcome [97].
Fig. 1.2 and Fig. 1.3 are presented to illustrate the cases for correlated
and uncorrelated fading. The former features two envelopes with uncorrelated
fading, while the latter shows two envelopes subject to correlated fading with a
correlation coecient of 0.7. Simultaneous fades are more likely to occur in the
latter case.
Diversity performance to alleviate the eects of fading decreases with increas-
ing fading correlation [54, 76]. Fig. 1.4 compares the probability distributions of
the signal envelope post recombination for the correlated and uncorrelated cases.
The correlation coecient for the correlated case was set to 0.7, while the inde-
pendent case had its correlation coecient set to 0. The single branch Rayleigh
distribution was included for reference. The gure shows that the probability
for the signal envelope to fall 15 dB below the mean is 0.1% in the uncorrelated
case, but increases to 0.3% for the correlated case. In the case of no diversity,
this probability is higher still, at 3%. The consensus in the literature for the
threshold of acceptable diversity is to maintain a fading correlation coecient
below 0.7 [2, 31,43,47,48,94].
1.2.2 Average branch powers
A balanced average signal power ensures that uncorrelated diversity signals are
used to their full potential [35]. Diversity signals that exhibit equal average
power contribute equally in reducing the probability of fades. The comparison
6
1.2 The conditions for micro diversity
0 10 20 30 40 50 60
−50
−40
−30
−20
−10
0
10
Elapsed Time (ms)
Si
gn
al
 In
te
ns
ity
 (d
B 
ab
ou
t rm
s)
 
 
Branch 1
Branch 2
Figure 1.2: Two signal envelopes with uncorrelated fading.
of the average branch powers is quantied by the Branch Power Ratio (BPR),
and is dened as the quotient of the average power between two contributing
diversity signals, expressed in dB. The optimum case where branch powers are
equal corresponds to a BPR equal to 0 dB. Diversity performance is severely
compromised when the BPR is large because the weaker signal branch does not
contribute to reduce the probability of fades. In extreme cases, no diversity is
achieved [96].
The eects of power imbalance is illustrated in Fig. 1.5, which compares the
probability distribution functions of signal envelopes post diversity recombina-
tion. The standard two branch diversity with signal powers 1 and 2 has been
set to exhibit dierent levels of imbalance. As the imbalance increases, the prob-
ability distributions functions continues to push towards the left and approach
the scenario of the single branch Rayleigh envelope with no diversity benets.
There appears to be little consensus as to what the threshold for an acceptable
BPR should be, with authors reporting acceptable diversity improvements despite
BPR values that are as high as 6 dB and 10 dB [24].
Optimum diversity action to most eectively minimise the occurrence of signal
7
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Figure 1.3: Two signal envelopes with correlated fading. The correlation coe-
cient between the two fading envelopes is 0.7.
nulls requires the captured diversity signals to have equal average powers and
exhibit statistically independent fading.
1.3 Modes of micro diversity
Micro diversity methods can be implemented across the time, frequency and
spatial domains.
1.3.1 Time diversity
Time domain based diversity implementations take advantage of the time vari-
ant nature of the mobile channel, with redundancy achieved through the delayed
and repeated transmissions of signals [39]. The time variant nature of the mo-
bile channel allows for the capture of signals with unique fading characteristics
because the channel distortions experienced at one instant can be considered to
be statistically uncorrelated with the channel distortions at some other instant
in time. The suitable time delay required will depend on the coherence time of
8
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Figure 1.4: Diversity performance of independent and correlated fading. Fading
correlation coecient was set to 0.7 for the correlated case.
the channel, dened as the duration of time where the channel can be assumed
to be stationary [86].
The major limitation of a time based scheme is evident in stationary or quasi-
static channels, where the large coherence time mandates unreasonable time de-
lays for fading decorrelation.
1.3.2 Frequency diversity
Frequency diversity introduces signal redundancy by taking advantage of the
frequency selective nature of the dispersive mobile channel [62]. Frequency selec-
tivity is the result of signal dispersion in the time, where a transmitted waveform
becomes stretched, and is smeared into the adjacent time intervals. From the
frequency domain perspective, this causes cancellation at particular frequencies,
and yields a non-at channel frequency response.
Signal distortions imposed on signals transmitted over two dierent narrow
band frequencies can be assumed to be unique if there is sucient spectral sep-
aration between the frequency bands [39, 80]. The required spectral separation
9
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cases. Probability distribution functions of signal envelopes after diversity com-
bining with dierent levels of power imbalance.
depends on the coherence bandwidth, dened as the range of frequencies over
which the channel may be considered constant [79]. The coherence bandwidth is
in turn controlled by the amount of time dispersion, measured by the delay spread
dened as the duration of time through which major components of multipath
signals arrive.
The coherence bandwidth for a narrow band mobile communications system
operating at 860 MHz with a delay spread of 0:25 s, is in the order of 500 kHz.
This suggests that for eective signal diversity, a frequency separation in the order
of at least 1 MHz to 2 MHz will be required [79]. Generally, a greater spectral
separation is desired to ensure uncorrelated fading [58].
Frequency diversity is advantageous in the sense that the diversity signals can
be relayed simultaneously, however, the additional allocation of spectra reduces
system capacity and spectral eciency [42].
10
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1.3.3 Antenna diversity
In antenna diversity, signal redundancy is achieved across the spatial domain us-
ing multiple antennas [43, 79, 86]. Path specic multipath wavefronts converging
on the receiver are captured separately through dierent antennas and recom-
bined to reduce the occurrence of fades. Antenna diversity techniques require
additional radio frequency equipment, but allows diversity signals to be captured
simultaneously, without additional allocations of spectra [96].
Antenna diversity can be further sub-categorised into antenna space, pattern
and polarisation diversity [24].
Antenna space diversity
Antenna space diversity is the most basic of the antenna diversity techniques and
captures independent multipath signals converging at the receiver using spatially
separated antennas [2, 25,27,42,47,95,96].
The fading correlation generally decreases with an increased separation be-
tween antenna elements. With enough antenna separation, the signal fading for
each of the diversity signals become uncorrelated. The required antenna separa-
tion distance depends heavily on the geometry and angular distribution of con-
verging wavefronts. For the urban downlink where mobile units are surrounded by
channel reectors, the multipath signals converge omni-directionally and require
antenna separations in the order of 3 to 5 wavelengths to ensure fading decorrela-
tion. In contrast, base station receivers in the mobile uplink are typically placed
away from local reectors, with signals propagating to the base station through a
much narrower angle of arrival. This means that a greater horizontal separation
in the order of 30 to 100 wavelengths will be required to ensure adequate fading
decorrelation between diversity antennas [54,95].
The relative placement of antenna elements is does not have signicant ef-
fects on diversity performance. Fading decorrelation can be achieved by both
vertically or horizontally separated antenna elements [47]. Factors such as spa-
tial availability, desired signal coverage, and channel conditions ultimately de-
termine the choice of implementation between either conguration [25, 71]. For
example, a vertically separated spatial diversity system may be necessary if an
omni-directional coverage in the azimuth plane is desired [2]. Nevertheless, spa-
tial availability remains the deciding factor as to which of the congurations are
employed. For instance, signals in terrestrial mobile communications are hor-
11
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izontally propagating plane waves, which means horizontal antenna separation
can generally achieve the same signal decorrelation with more compact antenna
proles.
Even though smaller antenna proles can be achieved with a horizontal sep-
aration of antenna elements, the required antenna separations are still often im-
plausible. The PCS-1900 system operating in the 1.9 GHz frequency band is one
such example, where one wavelength is approximately 15 cm. Which means that
adequate decorrelation can only be achieved if antenna elements have a spatial
separation in the order of 45 cm and 4.5 m for the mobile and base stations re-
spectively. If even lower operating frequencies are considered, such as Telstra's
adoption of the 850 MHz band for its Long Term Evolution and Evolved High
Speed Packet Access (LTE/HSPA+) services [1], the antenna separations would
need to be doubled accordingly. This makes antenna space diversity dicult to
implement, especially in spatially conned applications.
In situations where the limited spatial availability will not allow for a large
antenna prole, it is not advisable to compromise for a reduced antenna sepa-
ration. This is because the recommended antenna separations are often already
given as the minimum distances for which the fading correlation coecient does
not exceed 0.7 [2,31,54]. Further spatial reduction would increase the fading cor-
relation coecient above the acceptable threshold and hence increase the system
susceptibility to fading.
Synthetic antenna arrays have been promoted [9, 23, 50] as an alternative
to avoid the large spatial requirements of antenna space diversity. Synthetic
antenna arrays can be regarded as a combination of time and space diversity
methods, which attempts to provide multiple independent diversity with only
a single antenna. Physical movement of the receiver antenna is mandatory for
this kind of diversity so that a time static channel can be decorrelated in space.
However, diversity benets are severely diminished for slowly moving terminals
and absent for stationary terminals.
The antenna pattern diversity and antenna polarisation diversity techniques
are alternative antenna diversity techniques which can be implemented with sig-
nicantly smaller antenna proles.
12
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Antenna pattern diversity
Antenna pattern diversity uses directional antennas to capture signals arriving
from dierent directions for signal redundancy [24,56,65,75,98]. The spatial sepa-
ration of antenna elements can be reduced because fading correlation is controlled
by the extent of overlap between the antenna beam patterns. As long as the beam
patterns are directed at distinct non-overlapping regions in space, fading correla-
tion is kept at a minimum regardless of the physical separation between antennas.
Pattern diversity can be especially eective for mobile stations located within an
urban environment surrounded by local reectors since multipath components are
expected to arrive omni-directionally. Antenna pattern diversity has been shown
to outperform space diversity in spatially limited situations where space diversity
antennas can not guarantee the required fading decorrelation [65].
The limitations of antenna pattern diversity emerge at the base station re-
ceiver in the mobile uplink. Multipath signals converge at the base station
through a narrower angle of arrival making the placement of non overlapping
radiation patterns more dicult. One possibility is to compromise, and imple-
ment partially overlapping antenna beam patterns. However, this reduces the
ability to discriminate incoming multipath components and hence increases fad-
ing correlation. Conversely, if non overlapping radiation patterns are enforced,
the main antenna beam patterns must be carefully aligned to receive diversity
signals that have comparable average powers [75].
Antenna polarisation diversity
Polarisation diversity is the third subcategory of antenna diversity and achieves
signal redundancy by discriminating incoming multipath signals residing across
orthogonal polarisations [7, 10, 14, 35, 44, 47, 48, 51, 55, 97, 99]. The polarisation of
a signal is dened as the direction of the electric eld vector in a propagating
electromagnetic wave [82]. As the transmitted signal propagates through the
mobile channel in a multipath fashion, interactions with channel obstacles causes
some of the power initially residing within the transmitted polarisation to be
transferred into the orthogonal polarisation [55]. These signals can be extracted
by the receiver using polarisation sensitive antennas, and then recombined to
reduce the probability of deep fades.
There are no spatial constraints placed on the antenna separation as diversity
is achieved in the polarisation domain. This means that antenna elements can be
13
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co-located with overlapping beam patterns, resulting in a very compact antenna
prole. This feature is advantageous over space and pattern diversity techniques
in spatially limited applications.
Polarisation diversity relies heavily on the mobile channel to redistribute
power from the transmitted polarisation to its orthogonal polarisation. How-
ever, even in obstacle rich urban environments, an adequate redistribution of
power between the polarisations is not guaranteed [97]. This is a problem for
diversity because there would be an average power imbalance between diversity
branches. Besides the mobile channel, the antenna geometries at the transmitter
and receiver sites will also inuence the severity of the average branch power
imbalance [99].
The approach of using xed antenna geometries that promote the conditions
for equal average power between diversity branches [48] is really only feasible
at the base station. Mobile terminals are hand held devices which typically
have random orientations. Implementation of an eective polarisation diversity
system would therefore require variable antenna orientations to be taken into
consideration.
This thesis focuses on polarisation diversity because of its feasibility in spa-
tially conned applications over spatial and pattern diversity techniques. How-
ever, its limitations in the orientation sensitive nature of power imbalance needs
to be addressed before it can be used as a viable form of antenna diversity.
1.4 Thesis objectives and contributions
The objective of this research is to improve the eectiveness of polarisation di-
versity and therefore enhance the reliability of mobile communications.
The technical contributions of this thesis are summarised as follows;
1. The validity of acceptable performance parameters for polarisation diversity
are evaluated through the example of the Multiple Carrier (MC) - Code
Division Multiple Access (CDMA). Existing parameter bounds established
as prerequisite for eective diversity action are challenged. In particular,
the current acceptable levels of power imbalance between diversity branches
are demonstrated to be too high and need to be signicantly reduced.
2. Development of a generalised polarisation diversity model that accounts
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for variable orientations at both the transmitter and receiver units. The
feature of this model is that the antenna structures at both ends of the
communication link utilises two linearly polarised elements mounted in an
orthogonal manner. This symmetry allows for the exibility of analysing
the uplink and downlink scenarios. Another signicance of this model is
that it allows for the transmission of circularly and elliptically polarised
signals to be easily analysed.
3. The performance of existing polarisation diversity techniques in the pres-
ence of antenna orientation are examined. Diversity parameters are demon-
strated to exceed acceptable bounds with variations in the antenna orien-
tation.
4. The transmission of circularly polarised signals is used to eliminate the
inuence of transmitter antenna orientation in the mobile uplink. The re-
sulting diversity parameters are independent of the transmitter orientation,
but are still at the mercy of the channel.
5. Diversity parameters for the mobile uplink are optimised using elliptically
polarised signals. Operating parameters calculated using second order chan-
nel statistics and a measured mobile orientation allows for optimum diver-
sity performance at the base station receiver. Operating parameters are
however, transmitter orientation specic and means that diversity perfor-
mance does not remain transmitter orientation invariant. Nevertheless, di-
versity performance is robust to small changes in the transmitter orientation
within an angle of 20.
6. The transmission of elliptically polarised signals can also be used for the
mobile downlink to optimise diversity performance and eliminate the in-
uence of receiver orientation. The operating parameters of the elliptical
polarisation are calculated using a dierent procedure to the elliptical po-
larisation used for the mobile downlink, and requires only the second order
channel statistics.
The outcome of this research allows polarisation diversity to counteract sig-
nal fading more eectively, and therefore guarantees greater reliability in mobile
communications.
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1.5 Organisation of this thesis
The technical contributions of this thesis has been developed over eight chapters.
Chapter 1 introduces the fundamental concepts of signal fading and presents
diversity techniques as an eective way to alleviate signal distortions caused by
signal fading. Diversity techniques utilising the time, frequency and spatial do-
mains are listed and briey explained. Spatial diversity was established to be
an especially attractive option because diversity is achieved without additional
allocations of spectra. Spatial diversity can be further categorised into antenna
separation, antenna pattern and antenna polarisation. Each of these implemen-
tations are also introduced and explained.
This thesis focuses specically on antenna polarisation diversity, which utilises
polarisation sensitive antenna elements to capture diversity signals residing in
orthogonal polarisations. The exploitation of signal polarisation in the spatial
domain allows the physical dimensions of diversity antennas to be signicantly
reduced. This property is particularly advantageous for spatially limited appli-
cations common in terrestrial mobile communications.
A literature review on the topic of polarisation diversity is presented in Chap-
ter 2. The two parameters, average branch power ratio and fading correlation
coecient which dictate diversity performance are introduced and dened. Ide-
ally, diversity signals must exhibit no fading correlation and have an equal av-
erage branch power ratio. Experimentally obtained values for these parameters
published in the literature are analysed and were found to have very low fading
correlation within the acceptable parameter bounds, but frequently show signif-
icant levels of average power imbalance. Sensitivity of the diversity parameters
to variations in the antenna orientation is also established as a known problem
that has yet to be properly addressed in the literature.
In Chapter 3, the bounds for diversity parameters presently considered accept-
able for diversity action are challenged. The chosen example of using diversity
with MC-CDMA demonstrates a signicant performance deterioration even un-
der small levels of average power imbalance. This research highlights the impor-
tance for the proper application of diversity techniques, as an overall performance
penalty occurs if conditions necessary for diversity are not be maintained or are
variable due to factors such as antenna orientation.
Chapter 4 presents the development of a generalised polarisation diversity
model that accounts for variable transmitter and receiver orientations. This
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chapter forms the theoretical basis for the remainder of the thesis to address
the variations of diversity parameters caused by rotations of the transmitter and
receiver antenna orientations. The signicant feature of this new model is that
it uses a pair of linearly polarised antenna elements mounted in an orthogonal
manner at both the transmitter and receiver units. Both the transmitter and
receiver orientations are assumed variables in the model and therefore allows the
exibility to examine both the uplink and downlink. Such an antenna structure
also allows for the possibility of transmitting circularly and elliptically polarised
signals.
Chapter 5 uses this generalised polarisation diversity model to re-examine
traditional polarisation diversity techniques in the presence of a variable mobile
orientation. Variations in diversity parameters following a change in the antenna
orientation were demonstrated and described quantitatively. Importantly, these
variations were shown to exceed the parameter bounds for acceptable diversity
performance.
Chapter 6 presents the transmission of circularly polarised signals as a solution
to facilitate diversity action robust to transmitter orientations for the mobile
uplink. The electric eld of a circularly polarised signal traces out a circle as a
function of time in the plane orthogonal to the direction of propagation. This
means that the geometry of the transmitted electric eld can be maintained
irrespective of the transmitter antenna orientation. Diversity parameters are
demonstrated to be invariant to rotations in the transmitter orientation, but are
generally suboptimal because of their dependency on channel depolarisation.
Chapter 7 presents the combined use of specialised antenna geometries and
channel specic elliptically polarised signals to optimise diversity performance.
The objective is to calculate the suitable elliptically polarised signal for transmis-
sion to achieve optimised diversity parameters robust against variations in the
mobile orientation. Separate solutions are presented for the uplink and downlink
because transmitter orientation invariance is required in the former and receiver
orientation invariance is required in the latter.
Finally, Chapter 8 concludes the thesis with a summary of ndings and direc-
tions for future research.
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Chapter 2
Principles of Polarisation
Diversity
Energy is radiated as electromagnetic (EM) waves when oscillating electrical cur-
rents are applied across the terminals of an antenna. The polarisation of a prop-
agating EM wave is dened as the direction of the electric eld vector relative to
the surface of the earth [82].
A direct line of sight (LOS) between the transmitter and receiver units is
usually not available in mobile communications. Buildings, vehicles and other
physical objects obstruct the path along the transmitter and receiver. Character-
istics of a propagating EM wave will change when it comes in contact with these
channel obstacles. The changes in wave propagation characteristics is described
by the Fresnel's law of reection, which stipulates that an incident wave on an
object surface will generally split into a reected component and a refracted com-
ponent [6]. The polarisation of the original signal is generally not preserved, with
each resultant component carrying dierent polarisations [34]. The behaviour of
signal depolarisation is primarily determined by the dielectric properties of the
boundary materials and the geometry of the interactions [21].
Electromagnetic wave propagation occurs in a multipath fashion for terrestrial
mobile communications. The transmitted signal can take multiple independent
paths before arriving at the receiver. Each multipath components would in-
teract with the surfaces of dierent channel obstacles and causes the signal to
become depolarised. Some of the power originally in the transmitted polarisation
is transferred into the orthogonal polarisation. It is the exploitation of this chan-
nel depolarisation mechanism that allows polarisation diversity to function [13].
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Ideally, half of the power is transferred from the principal polarisation into the or-
thogonal polarisation [97]. This is because diversity signals that are subsequently
extracted from these polarisations will carry equal power.
While multipath signal propagation plays an important role in signal depo-
larisation, other physical mechanisms which also contribute to this include the
Faraday rotations induced by ionospheric eects [22], and depolarisation due to
rain precipitation [46,84].
2.1 A brief history
Some of the earliest treatments of polarisation diversity can be traced back to the
late 1940's and early 1950's. An extensive measurement campaign commenced
by Van Wambeck [95] at the end of the 1940's compares the performance of two
and three branch space diversity against two branch polarisation diversity. This
work featured a very thorough investigation into the seasonal impact on diversity
performance across the 7 MHz to 16 MHz frequencies. The metric used as a basis
for performance comparison was the outage probability. The results demonstrate
a clear advantage for the three branch diversity systems over both of the two
branch diversity systems. This outcome is not surprising, since the inclusion of
an additional signal redundancy path is expected to further reduce the probability
of deep fades.
Comparing the two branch space diversity against the two branch polarisa-
tion diversity, however, showed that the former was more eective. In terms of
the diversity parameters, the inferior performance of polarisation diversity can
be attributed to higher levels of power imbalance or an increased fading correla-
tion between orthogonal polarisations. However, the study does not report this
information and therefore makes it dicult to determine the reason behind this
performance dierence.
Another early treatment of polarisation diversity was published by Glaser and
Faber [35] in 1953, which examines the performance of two polarisation diversity
system operating at frequencies of 6.985 MHz and 11.66 MHz. The outage prob-
ability was also used as a basis for comparing the performance of the polarisation
diversity systems. This research demonstrated that there was a close resem-
blance between the performance of fade reduction in the 11.66 MHz polarisation
diversity system and the theoretical two branch diversity system with indepen-
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dent Rayleigh fading. The similarity led the authors to infer that the fading
within each polarisation diversity branch should be well described by indepen-
dent Rayleigh distributions.
Nevertheless, the 6.985 MHz polarisation diversity system did not conform to
such explanation, and an increased outage probability deviating away from the
theoretical bound for diversity improvement was observed. As with the research
of Van Wambeck [95], values for the envelope correlation and average branch
powers were not reported, and therefore does not allow the investigation for the
reason behind the deterioration in diversity performance.
Even though these two early studies have demonstrated the superiority of
space diversity, polarisation diversity was still considered by both authors to be a
viable method in minimising the occurrence of deep fades, especially for spatially
limited applications.
In the mid 1950's, polarisation diversity was also proposed for beyond the hori-
zon communications by Altman [4]. The emphasis of this publication, however,
was placed on the theoretical treatment of the signal recombination rather than
the implementation and testing of a polarisation diversity system. The potential
performance benets in fade reduction were analysed and presented.
During the 1960's, polarisation diversity had especially gained attention in the
satellite communications community. Ionospheric eects on polarisation to facili-
tate diversity [90] and its applications in satellite tracking [91] were explored, both
reporting favourable results. Its eectiveness in trans-horizon communications,
however, was contested by Florman [32], who demonstrated that polarisation
diversity was vastly inferior to a spatial-frequency diversity system. The main
reason for this was shown to be the high fading correlation between the diversity
signals. The absence of a rich multipath environment in the trans-horizon link
between the Grand Bahamas and Puerto Rico may have been the cause of the
high fading correlation between diversity branches. This study, while valuable,
should not be taken as indicative of how polarisation diversity will behave in
terrestrial mobile communications.
It was not until 1972, when Lee and Yeh [55] conducted eective eld experi-
ments with antenna polarisation diversity for terrestrial mobile communications.
Three very important contributions, concerning the fading distribution, fading
correlation and mean signal power were made.
Firstly, the inference made by Glaser [35], regarding the probability distribu-
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tions of the fading envelopes between polarisations was conrmed. The fading of
both the vertical and horizontal polarisations were found to be well described by
the Rayleigh distribution. The distributions were also observed to be insensitive
to the spacing between antenna elements.
The second contribution was the computation of both the short and long
term correlation proles between the vertical and horizontal polarisations. Short
term fading correlation coecients were measured to be less than 0.3, which is
signicantly lower than the correlation coecients obtained with generic spatial
diversity. The correlation coecient remained consistently low irrespective of any
additional antenna separation that were subsequently introduced. The long term
fading, on the other hand, was observed to be log-Normally distributed for both
polarisations and exhibit a high level of correlation. Insensitivity to additional
antenna spacing was also observed here. The long term correlation coecients
between the local means were recorded to be between 0.85 and 0.96.
The third contribution was the comparison of the mean signal levels between
the vertical and horizontal polarisations. A clear discrepancy between the mean
signal levels was observed between the polarisations. For the data obtained at
Maple Place, the horizontal polarisation consistently exhibited a higher local
mean that is up to 4 dB greater than the vertical polarisation for the rst 375 ft of
measurements, after which the vertical polarisation dominates for the remainder
of the reading. The measurement at Idlebrook also demonstrated a dierence
between the local means, with the vertical polarisation being consistently 3 dB
higher than the horizontal polarisation for the rst 500 ft of measurements.
Even though the low fading correlation suggests the eectiveness of polarisa-
tion diversity, the results show a persistent average power dierence between the
vertical and horizontal polarisations. These conditions are not ideal, especially if
vertical and horizontal components are to be used at the diversity receiver, since
a power imbalance problem is introduced.
2.2 Branch power ratio and power imbalance
The comparison of the relative powers between the vertical and horizontal po-
larisations is formally quantied by the cross polarisation discrimination (XPD),
and is dened as a power ratio of the vertical polarisation against the horizontal
polarisation [48, 70, 97]. For polarisation diversity receivers using linearly po-
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larised antennas to capture the vertical and horizontal polarisations, the XPD is
equivalent to the BPR. Ideally, with the use of a vertically polarised transmitter,
half of the power from the vertical polarisation is transferred into the horizontal
polarisation, giving a XPD and BPR equal to one. On the other hand, with large
values of the BPR (> 15 dB) one can expect to have little scope for diversity
improvement [61,68].
While a rich multipath environment certainly facilitates signal depolarisation,
Lee's results suggest that the power balance between orthogonal polarisations is
not guaranteed to be adequate. In fact, the observation of a large power dierence
between the vertical and horizontal polarisations has been a consistent nding
across the literature. Cox in [17], [19] and [18] report values of the XPD ranging
between -2 dB to 13 dB. Emmer [28] reports a median XPD of 7 dB for suburban
Munich. Kozono [48] obtained values of the XPD ranging between -5 dB and
18 dB with a mean of 6dB in the Shibuya district of metropolitan Tokyo. Eggers
in [27] reported values of 12 dB for the suburban and 4 dB to 6 dB for the urban
settings. Lotse in [63] measured XPD values between 1 dB to 7 dB in the urban
environment, and 1 dB to 13 dB for suburban environments. Turkmani in [94]
report XPD values as high as 10.8 dB for the urban environment, 10 dB for the
suburban environment and 12.6 dB for the rural environments. Vaughan [96]
reports XPD values ranging between -6 dB and 18 dB, and remarks that the
XPD should be strictly regarded as a random variable since it can be inuenced
by the orientation of the antennas and the type of terrain along the path. In
a later study, [97], Vaughan presented average XPD values in the urban and
suburban environments of 7 dB and 12 dB respectively. Lempiainen [60] reports
XPD values for semi urban and suburban environment to be 5.8 dB and 14 dB
with standard deviations 5.4 dB and 3.2 dB respectively.
There are particular instances in the literature, such as Bergmann [7], Sorensen
[88] and Joyce [45], who report unusually low values of the XPD. Both Sorensen
and Joyce report XPD values to be in the order of 0.5 dB to 2 dB. An ex-
plicit comparison was not made by Bergmann, but a visual inspection of the
plot illustrating the envelope fading under NLOS conditions conrms that the
average signal powers are well balanced. The low values of the XPD suggests
that the channel conditions at these particular locations would have promoted a
high degree of signal depolarisation. However, because the repeatability of such
observation in the literature has been rare, the XPD reported here do not appear
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to be reective of their respective environments.
With the exception of [7], [88] and [45], the studies presented thus far for the
urban and suburban environments have demonstrated non trivial power imbal-
ances between the vertical and horizontal polarisations. With closer scrutiny, it
appears that the XPD values measured in the urban environments are usually
lower than the suburban environments. This observation is not unreasonable,
since depolarisation is expected to be more eective in the environments with a
higher density of channel obstacles.
It is therefore no surprise to see the obstacle rich indoor environments report
some of the lowest values of the XPD. Lemieux in [58] obtained XPD values which
were on average 3 dB, with the occasional increase to 5 dB when a partial LOS
component became available. Dietrich [24] and McGladdery [67] both report low
XPD values of 1.5 dB and 2.2 dB respectively. Similar experiments conducted by
Fujimori in [33] gave XPD values which were no larger than 5 dB for the entire
duration of the observation.
Despite the seemingly low values of the XPD that have been reported for spe-
cic cases, other indoor experiments have yielded conicting results. For instance,
the measurements conducted by Buke [11] to characterise the XPD as a function
of frequency demonstrates that the power between vertical and horizontal com-
ponents can dier up to 10 dB. Similar experiments by Sanchez [83] report that
while small XPD values between 0.17 dB and 2.7 dB are achievable, the XPD can
vary dramatically as a function of the operating frequency with values as high
as 12 dB. Lukama [64] obtained average XPD values of approximately 5 dB, but
individual values have been measured to vary between 2 dB and 12 dB. Eggers
reports in [26] XPD values of an indoor environment within an urban setting to
be as high as 10.2 dB.
Two possible explanations have been suggested for the elevated values of the
XPD in the indoor environment. Firstly, the signicantly smaller cell sizes may
not have allowed for a sucient number of reections required for power redistri-
bution, despite being an obstacle rich environment [58]. Secondly, the increased
prevalence of a LOS or at least a partial LOS between transmitter and receiver
means the principal polarisation of the transmitted signal is preserved, dominat-
ing the orthogonal polarisation from secondary reections or specular components
emitted by the transmitter antenna [33].
Even though lower values of the XPD have been observed in the indoor en-
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vironment, the results listed above demonstrates that the adequate power redis-
tribution between orthogonal polarisations can not automatically be assumed.
The comparisons clearly illustrate the extent to which the XPD values can vary,
especially in the situations where a LOS or partial LOS between the transmitter
and receiver may become available.
The experimental treatment of the XPD in the NLOS and LOS environ-
ments have been considered by Lemieux [58], Neubauer [70], Lempiainen [60],
and Anreddy [5]. All four sets of results were in agreement and consistently
yielded higher XPD values in the LOS than the NLOS situations. For instance,
Lempiainen obtained XPD values of 14 dB for a LOS connection and 6.8 dB for
a typical suburban NLOS link. Anreddy reports that while the average XPD in
LOS scenarios can be in the order of 15 dB to 17 dB, NLOS cases had signi-
cantly lower values between 8.3 dB and 8.6 dB. Neubauer reports in his set of
experiments, XPD of 8.1 dB in the NLOS case and 14.2 dB in the LOS case.
The treatment of the XPD in many of the publications listed thus far describe
the average power dierence between the vertical and horizontal polarisations
with a single number that is assumed to be constant over the duration of obser-
vation. While the highly correlated local means as reported in [55] substantiates
this assumption of a quasi constant power ratio, the XPD should strictly be re-
garded as a random variable inuenced by the environment, terrain features, and
polarisation of the transmission antenna [60,69,97]. The assumption is also best
used with caution in indoor millimetre wave communications, where local means
may no longer be highly correlated [33].
When considering polarisation diversity schemes that specically utilise the
vertical and horizontal branches, the XPD translates directly into the BPR. The
large values of the XPD, as well as its variability, demonstrates that polarisation
diversity is at a disadvantage to space diversity, where BPR values are generally
measured to be closer to unity [24]. As for the fading correlation, however, the
reverse is true.
2.3 Fading correlation coecient
polarisation diversity generally yields correlation coecient values that are lower
and much closer to zero than spatial diversity. This comparison was made by
Lotse in [63] and reports that the fading correlation coecient for spatial diversity
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was in the order of 0.2 to 0.7, while polarisation diversity was measured to be
between 0 and 0.2.
Similar results were reported by Emmer [28], who found that while spatial
diversity with antenna separation of 10 wavelengths had a correlation coecient
less than 0.7 for 90% of the time, polarisation diversity gave correlation coecients
no greater than 0.2 for 90% of the time. Eggers [27] was also in agreement to
this nding, obtaining values of the correlation coecient between 0.12 and 0.7
for spatial diversity and 0.04 to 0.2 for polarisation diversity.
In another experimental evaluation of the performance comparing two branch
space and polarisation diversity, Turkmani [94] also demonstrates the low fading
correlation property of polarisation diversity. The presented probability distri-
butions show that for 95% of the time, polarisation diversity was able to achieve
fading correlations less than 0.4. On the other hand, space diversity could only
achieve correlation values less than 0.7 for 93% of the time.
Other studies that also discuss the short term fading correlation coecient of
polarisation diversity have all reported results consistent with the observations
presented thus far. For example, Webber [101] recorded correlation coecients
which were less than 0.5 for 90% of the time. Lukama [64] reports values which
were less than 0.4 for 90% of the time. Kozono [48] obtained values less than 0.2
for 90% of the time. Eggers in [26] report that all of the measured correlation
coecients were below 0.25. Sorensen [88] and Serra [85] both present corre-
lation values less than 0.28. Thomas [92] reports that even though correlation
coecients have been measured to be as high as 0.47, the event is rare, with
the majority of values observed to be in the order of 0.04. Average correlation
coecients in the urban and suburban environments of Frejlev, Denmark, were
reported by Vaughan [97] to be -0.003 and 0.019 respectively. Narayanan [69]
and Pedersen [73] also obtained very low fading correlation in the order of 0.07
and 0.09 respectively. Wahlberg [99] found that the antenna inclinations at the
transmitter played an important role in the eectiveness of polarisation diversity,
but noted that the fading correlation coecient remained consistently below 0.3,
which are well within the acceptable parameter bounds.
In their respective studies, Joyce [45], Hong [41], and Ruiz-Boque [81] were all
in agreement regarding the potential benets of polarisation diversity, reporting
all measured values of the correlation coecient to be less than 0.7. Even though
only the summary of results were presented here and compared against the bench-
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mark, it acts as further conrmation for the low fading correlation property of
polarisation diversity.
The treatment of the short term fading correlation coecient under NLOS and
LOS conditions were explored by Lempainen [59], Dietrich [24], Bergmann [7],
Anreddy [5], and Nakano [68]. Sensitivity to the presence of a LOS component was
observed by Bergmann, Dietrich, and Anreddy. Values of the fading correlation
coecient in the NLOS scenario were reported to be signicantly lower than the
LOS scenarios. The highest correlations recorded in the NLOS were 0.015, 0.26
and 0.2 by Bergmann, Dietrich and Anreddy respectively. Whereas, in the LOS
scenarios, greater correlation and variability were observed with values reported
to be 0.497 by Bergmann, between 0.15 to 0.55 by Anreddy, and 0.17 to 0.39 by
Dietrich.
Sensitivity to the presence of a LOS component, however, was not observed
in the works of Lempiainen [59], and Nakano [68]. Nakano reported correlation
coecients which were consistently below 0.2 for both NLOS and LOS scenarios.
Lempiainen reports slightly higher correlation values between -0.3 and 0.4, but
the coecients were insensitive to the presence of a LOS.
In other specic studies examining the urban canyon [70] and street micro-
cell scenarios [14], the fading correlation were also shown to be suitable low, with
values of 0.5 and 0.35 respectively.
2.4 Measures of diversity performance
The examination of the experimental results presented gives a clear indication
that while spatial diversity promotes a better balance between the average branch
power ratio, it is polarisation diversity that is more eective at the realisation
of diversity branches with lower fading correlation. The eectiveness of diversity
systems to minimise the occurrence of deep fades depends upon the correlation
coecient and average branch power ratio of diversity branches. It is of interest
to be able to compare the diversity benets of dierent diversity systems.
Three main metrics have been used to formally examine and compare the
performance of diversity systems. They are, the received signal strength indicator
(RSSI), the probability distribution of the signal amplitude, and the diversity
gain.
The RSSI is a measure of the power within a received radio signal. It is a
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measure that is often used in conjunction with dened quality classes. Proponents
for the use of this kind of performance metric include Laiho-Steens [52, 53],
and Lempiainen [59]. In their studies, standards of quality were assigned to
rank the grade of the signal given particular values of the RSSI after diversity
combining. These grades were ranked between 0 and 7 for the best and worst
cases respectively and were determined based on the bit error rate (BER) of the
nal signal after diversity combining. In their respective studies, eight grades of
quality were assigned to BER between 0.2% and 12.8%. The use of this metric
was an eective method to compare the performance of the various diversity
systems that were considered by individual authors. However, the results can
only be compared in a qualitative manner with other independent studies.
The probability distribution of the signal amplitude describes the probability
that the amplitude of a signal falls below a given level. This allows for the direct
comparison of outage probabilities between diversity systems. Graphically, the
cumulative probabilities are usually assigned on the y axis and plotted against
signal intensity levels on the x axis, however, some authors [47, 55] have chosen
to interchange the axes. In either case, logarithmic scales are applied on both
axes so that the distributions can appear linear. An example of this is plotted
in Fig. 2.1, and shows the probability distribution of a signal envelope that has
been subject to Rayleigh fading. It can be seen that there is a 1% probability
that signals will fall 20dB below the mean. Envelope normalisation will need
to be performed with respect to the strongest diversity branch to allow for fair
comparison against a theoretical bound.
The diversity gain is another popular measure used to describe the improve-
ment of signal quality due to diversity action. It uses the probability distribution
of the signal amplitudes and calculates the signal improvements at a given outage
probability. Formally, it is dened as the increase in the signal amplitude, or the
improvement of the signal to noise ratio (SNR), post diversity combining for a
given level of cumulative probability [24]. An example of the diversity gain at
the 10% outage probability for a theoretical two branch diversity system with
selection combining is 5.59 dB. This is illustrated in Fig. 2.2.
As with the previous performance metric, the diversity gain allows for a quan-
titative comparison between independent studies and eectively describes the
signal improvements at a given outage probability.
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Figure 2.1: Probability distribution of a signal with Rayleigh fading.
2.5 Comparing spatial and polarisation diver-
sity
The consensus of the literature is that spatial diversity is generally more eective
than polarisation diversity. For example, in the results obtained by Dietrich [24],
a comparison of the diversity gain at the 1% outage level between space and
polarisation diversity reveals that the former is consistently outperforms the latter
by 1 dB to 3 dB. Similarly in Joyce [45], while diversity gains of 5.5 dB to
6 dB were observed for spatial diversity, polarisation diversity produced gains of
3 dB to 4 dB. Comparisons of the performance between space and polarisation
diversity by Lotse [63] consistently demonstrate the superiority of the former.
Diversity gains obtained by spatial diversity were between 4 dB to 5 dB, while
polarisation diversity, recorded a median value of 2.5 dB. Emmer [28] reports
consistent observations, with polarisation diversity giving values of the diversity
gain that are 2 dB to 3 dB lower than spatial diversity.
The reason behind the performance discrepancy between polarisation diversity
and spatial diversity can be examined by comparing the probability distributions
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Figure 2.2: Diversity gain of a theoretical two branch selection combiner at the
10% outage probability.
of the signal envelope for each respective diversity scheme. Fig. 2.3 presents this
comparison. In the instance chosen to be representative of spatial diversity, two
diversity branches were simulated to have equal average branch power, but had a
fading correlation coecient of 0.7. As for the instance chosen to be representative
of polarisation diversity, the diversity branches were simulated to have a fading
correlation coecient of 0, but an average power imbalance of BPR equal to 6 dB.
Simulations for the probability distribution of an ideal two branch diversity as
well as the case for no diversity have been included for reference.
Comparing the probability distributions show that an average branch power
imbalance of 6 dB is more detrimental to diversity performance than to have a
fading correlation coecient as high as 0.7. Importantly, even though a power
imbalance of 6 dB has been selected to be representative of polarisation diversity,
the average power imbalance reported in the literature frequently exceed this
value. Such an observation demonstrates that the inferior performance of po-
larisation diversity is caused by the persistent average power imbalance between
diversity branches. If polarisation diversity is to be considered as a more viable
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Figure 2.3: Comparison of performance between diversity schemes.
form of diversity, this average branch power imbalance must not be ignored.
2.6 Addressing the power imbalance problem
One method to address the power imbalance problem in polarisation diversity pro-
posed by Lukama [64] was to introduce an additional linearly polarised antenna
that is mounted orthogonal to the two existing polarisation diversity antennas. It
is true that with the extra diversity branch, some compensation may be achieved
for power imbalance, however, it does not x the underlying problem.
Another technique to apply suitable gains to each diversity branch before
the diversity combiner for branch power equalisation was suggested by LeFevre
[57], Colburn [15], Green [36] and Sanchez [83]. These works do not explicitly
deal with the power imbalance problem of polarisation diversity, but do address
the more general problem of power imbalance between diversity branches. It
must be emphasised that this amplication procedure is not to be confused with
instantaneous power control, where the received envelopes at a particular instant
in time are amplied to have equal power. Here, only the average powers are
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amplied for average branch power equalisation. Even though equalisation can
be achieved in this way, the procedure must be exercised with caution. This is
because the amplication of a weak signal with a poor signal to noise ratio (SNR)
also raises the noise oor, which consequently introduces additional interference.
In the extreme case, amplication is counter productive and it is much better to
ignore the non contributing diversity branch.
By far the most eective solution to achieve suitable branch power balance
for polarisation diversity is the use of alternative antenna congurations at the
receiver to facilitate the capture of diversity signals with comparable power. This
concept was rst propounded by Kozono in [48], who suggested the use of a
receiver antenna system with two linearly polarised elements aligned at angles
 relative to the vertical axis instead of the traditional vertical and horizon-
tal alignment. Under high XPD situations, the geometric symmetry achieved by
such antenna placement promotes a better BPR since the power in the domi-
nant vertical polarisation is more easily distributed into the  antennas. This
equalisation technique was shown to be eective, at the cost of a slightly in-
creased fading correlation, which were measured to be in the order of 0.3 and
0.4. Control over the value of the correlation coecient can be achieved with the
further modication of . However, for  6= 45, power loss is observed due to
polarisation misalignment.
Experimental work featuring this particular antenna conguration has been
explored extensively in publications such as [27, 28, 52, 53, 59, 69, 88, 99]. Perfor-
mance benets over the traditional vertical and horizontal systems, especially in
high XPD scenarios, were frequently reported. For instance, Emmer [28] reports
that the diversity gain observed for the 45 system was consistently 2 dB better
than the traditional vertical and horizontal polarisation system. Comparisons of
the RSSI and the grade of BER quality presented by Lempiainen [59] and Laiho-
Steens [52, 53] show a slightly improved performance for the 45 system. In
the urban areas of downtown Stockholm, Wahlberg [99] noted an additional 1 dB
diversity gain with the 45 antenna alignment over the traditional vertical and
horizontal implementation. Narayanan [69] reports similar performance advan-
tages of 1.2 dB.
A comparison of the raw diversity parameters between the Kozono and tra-
ditional polarisation diversity implementations was made by Eggers in [27]. The
45 antenna conguration was measured to exhibit an average branch power
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dierence of 1.6 dB, which is signicantly better than the traditional vertical and
horizontal alignment, measured in the same study to be 7.6 dB. The fading cor-
relation coecient, however, was reported to be insensitive to the variation, and
measured 0.09 for both cases.
In the three studies that were previously identied to exhibit unusually low
XPD values, [7, 45, 88], two of the authors, Sorensen [88] and Joyce [45] also
examined the use of the  polarisation diversity antenna conguration. Both
authors report that irrespective of the conguration used, there was no signicant
dierence in the performance between the two types. This is interesting, because
it veries the speculations that power coupling and depolarisation may have been
very eective at these study locations.
Aside from the experimental work, modelling of the polarisation diversity
problem using and extending upon the  conguration has been equally popu-
lar. For instance, Vaughan in [97] considers an antenna alignment that is xed at
right angles (45) but are rotated about the x axis. Brown in [10] generalised
the Kozono conguration to include the joint rotation of the antenna elements.
Enhanced performance of direct sequence - code division multiple access (DS -
CDMA) using the Kozono antenna conguration was proposed by Correal [16].
Liang [61] investigated the incorporation of multi-input multi-output (MIMO)
with polarisation diversity as space eective alternatives to spatial diversity.
2.7 Power imbalance and orientation sensitivity
The number of publications that have chosen to proceed with the  congu-
ration is a testament to the popularity of the scheme. In the original antenna
conguration proposed by Kozono, the transmission of a principally vertically
polarised signal is assumed. However, in the mobile uplink where mobile orienta-
tion is typically random, the transmitted polarisation is not necessarily vertical,
and the symmetry between the transmitter and receiver units to facilitate power
redistribution between the diversity antennas is no longer preserved.
It can be argued that if the channel conditions continues to preserve a domi-
nating of the vertical polarisation the  antenna conguration would remain a
suitable diversity scheme, regardless of the transmitter polarisation. Conversely
if the channel were to be able guarantee signal depolarisation, the power bal-
ance problem is eliminated and use of either antenna conguration becomes im-
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material. The depolarisation properties of the channel is the mechanism that
ultimately dictates the eectiveness of polarisation diversity.
The evidence available in the literature, however, suggests that it is uncom-
mon for the channel be independent of the transmitter polarisation. Studies
investigating the eects of variable transmitter polarisation in both the tradi-
tional vertical-horizontal and Kozono's  antenna congurations consistently
report on the variations of diversity performance as a function of the transmitter
polarisation. For example, Nakano [68] considers the transmitter orientations of
vertical (0), horizontal (90), and 60 in the traditional vertical and horizontal
polarisation diversity setup. The comparison demonstrates that while the diver-
sity gain of space diversity was better than polarisation diversity in the 0 and
90 orientations, polarisation diversity was better at an orientation of 60. A
similar investigation was conducted by Smith [87] with mobile units transmitting
with orientations 0, 45 and 90 from the vertical. It was reported that the hor-
izontal and vertical orientations gave the best and worst diversity performance
respectively, with 45 in between. The polarisation diversity antenna alignment
considered here was also of the traditional vertical and horizontal polarisation
conguration. In Lotse [63], a transmitter inclination of 70 from the vertical was
considered and compared against a reference vertical polarisation. It was found
that the tilted cases yielded diversity gains that were 1 dB to 2 dB higher than
the vertical cases. Consistent observations were reported by Narayanan [69], who
considers vertical and 45 orientations at the transmitter site. Dierent transmit-
ter orientations were tested for both the traditional and  polarisation diversity
schemes. The results demonstrate better diversity gains when transmitting with
the 45 orientation for both cases.
Turkmani [94] is an instance in the literature where polarisation diversity was
reported to be insensitive to various transmitter orientations. The experimental
apparatus was set up to capture polarisation diversity signals in the vertical and
horizontal planes, given dierent transmitter orientations of 0, 30, 45, 60, and
90 from the vertical axis. Despite the presented analysis emphasising orienta-
tion insensitivity, the experimental data as well as the way with which it was
presented suggests that the reader should approach the conclusions with caution
and scepticism. In all of the data that was collected and presented within the
paper (Table I and II), it is clear that the inclination of the transmitter antenna
played an important part in the power balance of the diversity system. Variations
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in the value of the XPD can be as big as 12 dB following an orientation change of
45. Calculated diversity gains for the Huyton suburban area also demonstrates
a clear dierence between the case of a vertical and 45 transmitter, which were
reported to be 2.3 dB and 5.1 dB respectively. The graphical presentation of
the data is also questionable, because if ideal theoretical diversity gains at the
10% outage probability is expected to be no greater than 6 dB, it is unclear why
the authors chose to represent this on a scale of 0 dB to 16 dB. The use of this
inappropriate scale diminishes the observable dierences in diversity performance
when transmitter orientations are introduced.
The performance of polarisation diversity, as with other antenna diversity
techniques, depends on the fading correlation and the average power of the di-
versity branches. Polarisation diversity is generally at a disadvantage to space
diversity due to the large power imbalance if the vertical and horizontal polari-
sations are being used. Better power balance between diversity branches can be
achieved when particular antenna geometries are applied to introduce symmetry
between the transmitter and receiver units. The antenna symmetry, however,
may be dicult to maintain especially when random transmitter orientations
in the uplink and channel characteristics dictate the depolarisation behaviour.
Acceptable diversity performance for a specic antenna orientation may become
unsatisfactory following a change in the antenna orientations and disturbing the
antenna symmetry. Enhancing the performance of polarisation diversity and
ensuring its robust performance requires both the average BPR or the fading
correlation coecient to be examined in light of variable antenna geometries and
orientations.
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Chapter 3
Acceptable Bounds for Diversity
Parameters
Capturing diversity signals that have uncorrelated fading and equal average branch
power is necessary for any kind of diversity to function eectively. Quantitatively,
this translates to a power correlation coecient equal to 0 and a branch power
ratio equal to 0 dB. The acceptable parameter bounds for diversity, as reviewed
in Chapter 2, require a power correlation coecient below 0.7 and an average
branch power ratio below 6 dB. Failure to full this requirement degrades com-
munications quality and increases the probability of losing a call.
The diversity parameters achieved by polarisation diversity fall within these
bounds, but are far from being ideal. While the power correlation coecient
is usually close to zero, with values rarely exceeding 0.4, the average branch
power ratio is typically quite high and frequently exceeds the 6 dB limit. This is
especially true in the suburban and rural environments.
An investigation into exactly how non-ideal diversity systems would adversely
inuence a communications system was the major motivation of this chapter.
The work presented in this chapter serves three objectives. Firstly, to emphasise
the importance of facilitating the capture of diversity signals that have low fad-
ing correlation and equal average branch power. Secondly to demonstrate that
suboptimal diversity conditions can lead to an overall deterioration in system
performance. Finally, to challenge the consensus of the 6 dB upper limit for an
acceptable average branch power ratio. The results of this research demonstrate
that this limit is far too high, and needs to be signicantly reduced.
The asynchronous Multiple Carrier (MC)-CDMA is chosen to serve as an
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example for this research. The rationale behind this choice was that the MC-
CDMA is a narrow band system, which is susceptible to multipath fading. MC-
CDMA, unlike broadband communications, does not inherently provide diversity
in the frequency domain, and requires the implementation of a separate diversity
system to alleviate multipath fading. Antenna polarisation diversity was chosen
as the system to perform this task.
The overview of this chapter is as follows. First, an introduction to MC-
CDMA is presented in Section 3.1. The reasons why separate diversity systems
should be implemented with the MC-CDMA is explained in more detail. The syn-
chronous and asynchronous cases of the MC-CDMA are explained in Sections 3.2
and 3.3 respectively. These sections introduce the mathematical notations for
MC-CDMA . This development is necessary to allow the formulation of a math-
ematically consistent model of polarisation diversity in the MC-CDMA frame-
work. Particular emphasis on the concept of multiple access interference were
also given in these two sections, as it is the key agent causing performance dete-
rioration when suboptimal polarisation diversity is applied. Section 3.4 formally
studies the application of polarisation diversity in asynchronous MC-CDMA. Per-
formance deterioration is quantied and examined from the perspective of sub-
optimal diversity parameters. Results presented here challenge the acceptable
performance bounds in current published literature. Finally, Section 3.5 con-
cludes the chapter.
3.1 The MC-CDMA scheme
The MC-CDMA was a candidate multiple access technique proposed for the
fourth generation (4G) mobile communication system. Its operation is based on
the combination of DS-CDMA and orthogonal frequency division multiplexing
(OFDM).
DS-CDMA is a spread spectrum multiple access technique that allows mul-
tiple users to simultaneously access and occupy a block of spectra at any given
moment. Individual users are assigned an unique binary pseudo random code
sequence, which possesses the wideband properties of white noise, but are orthog-
onal against all other sequences of dierent users. Application of this code occurs
across the time domain by modulating the code against user specic data. This
operation causes user signals to spread across the frequency domain and occupy
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a bandwidth far greater than the original signal. Orthogonality is maintained
in the code domain, allowing multiple users to simultaneously use a transmis-
sion medium. Discrimination between dierent users at the receiver is performed
through the correlation procedure and only the data of the intended user will be
extracted.
One major limitation of the DS-CDMA is its susceptibility to excessive time
delays of the mobile channel. Transmitted symbols are broadened in time causing
them to overlap with adjacent pulses and causes intersymbol interference (ISI).
This is particularly problematic for DS-CDMA because the individual code sym-
bols, or code chips, have very short durations comparable to the channel delay
spread. Chip synchronisation also becomes dicult with the increase in data
rates.
Sensitivity of the DS-CDMA to excess time delay and ISI can be addressed
by combining its operation with the orthogonal frequency division multiplexing
(OFDM) technique.
OFDM is a multiple carrier modulation technique which transmits a single
serial data stream in parallel over a large number of overlapping narrowband
frequency subcarriers. The conversion from serial to parallel transmission, given
a xed throughput, increases the duration of each symbol and suppresses any
smearing eects introduced by the excess channel delay spread. The challenges
of symbol synchronisation are also signicantly simplied with extended symbol
durations.
The multiple parallel OFDM subcarriers are usually designed to overlap in
the frequency domain, providing a framework which achieves very high levels of
spectral eciency. Fig. 3.1 illustrates an example of the overlapping OFDM
subcarriers. Subcarrier orthogonality is preserved over the entire duration of
the symbol when the frequency separation is maintained at integer multiples of
1=Ts, where Ts is the symbol duration. The use of narrowband subcarriers also
avoids the need for complex frequency equalisation, allowing the assumption of
frequency at fading conditions [103].
The OFDM is also attractive because the modulator and demodulator stages
can be implemented eciently with the fast Fourier transform (FFT) algorithms.
Its exibility and scalability allows higher data rates without substantially in-
creasing the system complexity.
The OFDM, however, is a digital modulation scheme for a single user, and not
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Figure 3.1: Overlapping OFDM frequency subcarriers.
designed to be a multiple access technique. Combining OFDM and DS-CDMA to
form MC-CDMA is one possibility to enable multiple access and simultaneously
address the limitations of both schemes. That is, the frequency selectivity and
synchronisation problems of DS-CDMA are addressed using OFDM by increasing
individual chip durations without compromising data throughput, while multi-
ple access with OFDM is enabled with DS-CDMA, allowing the simultaneous
occupation of frequency subcarriers by multiple users.
Though the combination of OFDM and DS-CDMA presents an advanta-
geous mode of multiple access, MC-CDMA does inherit problems of both parent
schemes and introduces new challenges. Limitations derived from OFDM in-
clude sensitivity to intercarrier interference (ICI) and high peak-to-average power
(PAP) ratios. ICI is the interference produced when OFDM subcarriers lose or-
thogonality and causes energy within a particular subcarrier to leak into adjacent
subcarriers. Suppression of ICI can be achieved with better subcarrier synchro-
nisation, or through the appropriate insertion of guard time intervals [102].
High PAP ratios arise when the set of independently modulated subcarriers
are summed coherently to produce a large peak in the instantaneous power. The
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immediate disadvantage is the strain imposed on the RF ampliers to operate
over such a wide dynamic range [66]. In the event that the RF ampliers reach
saturation, signal clipping occurs and the peak amplitude becomes limited to
some maximum level. This distortion can be regarded as a multiplication of the
OFDM symbol with a rectangular window in the time domain, causing signicant
amounts of energy to leak into adjacent frequency bands as a consequence of the
convolution in the frequency domain [78]. Interference of this kind can be subdued
with precoding methods to ensure that subcarriers do not sum coherently, or with
the application of pulse shaping to reduce out-of-band radiation caused by signal
clipping.
A limitation of the MC-CDMA derived from the DS-CDMA is its vulnera-
bility to the loss of orthogonality between user codes. This type of interference
is called multiple access interference (MAI). MAI can severely degrade signal
quality and is the main factor that determines the capacity of the system. MAI
is especially problematic in the mobile uplink because communication occurs in
an asynchronous manner. Dierent time delays between individual users do not
allow code sequences to maintain orthogonality.
A new challenge resulting from the combination of OFDM and DS-CDMA is
the need for additional signalling diversity. The application of the OFDM with
DS-CDMA transforms a wideband frequency equalisation problem into a narrow-
band multipath fading problem. Eects of multipath fading are best alleviated
using diversity techniques. Inherently, the OFDM is capable of supporting fre-
quency diversity with the dynamic allocation of additional subcarriers, at the
cost of some system capacity. However, for MC-CDMA, this dynamic allocation
is not easily achieved since user specic spreading codes have already been as-
signed across the frequency domain. For this reason, it is necessary to examine
alternative forms of diversity to counteract narrowband fading, such as antenna
polarisation diversity.
The application of antenna diversity alleviates the eects of fading by min-
imising the occurrence of deep fades and increasing the average carrier to noise
ratio (CNR). However, when applied with MC-CDMA, an improvement in the
CNR does not automatically translate into an improvement in system perfor-
mance. This is because antenna diversity indiscriminately captures both signal
and interference. The extra diversity path can lead to proportionately increased
interference, especially if equal average power between diversity branches can not
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be maintained. The application of diversity in the presence of MAI is not well
documented in the literature. Existing parameter bounds that are established as
prerequisites for acceptable diversity assumes the absence of MAI. It is therefore
of interest to investigate the possibility of performance deterioration due to un-
intentional introduction of additional MAI through diversity. In fact, the results
found through this research challenges the validity of existing parameter bounds
for diversity.
The next two sections establish the mathematical framework and notations for
the MC-CDMA system. The synchronous MC-CDMA system is examined rst
and will then be generalised into an asynchronous MC-CDMA system. The two
dierent types of multiple access interference, which are key variables in studying
of the adverse eects of suboptimal diversity, have been derived in the process.
These developments are necessary to demonstrate that the application of polar-
isation diversity to asynchronous MC-CDMA does not always give favourable
results.
3.2 Synchronous MC-CDMA
The synchronous MC-CDMA system is illustrated in Fig. 3.2. At the transmitter
side, there are a total of N active users, each of whom has data which needs to
be sent. The kth individual, has data represented by bk, and is assumed to be
a binary phase shift keying (BPSK) modulated waveform. In preparation for
the MC-CDMA modulator, data from a particular user is rst replicated across
parallel subcarriers. The number of parallel branches required depends on the
spreading factor of the user code. Here, the number of subscribers has been
assumed to equal the spreading factor of the user codes. Such systems are said
to be operating at full capacity.
Application of the user codes occurs after replicating bk across the N parallel
subcarriers, with the ith chip of the user code being assigned to the ith subcar-
rier. For example, given the kth user with code sequence fCk;1; Ck;2;    ; Ck;Ng,
subcarrier branch fk;1 is assigned with chip Ck;1, subcarrier branch fk;2 is assigned
with chip Ck;2, and so forth for all N subcarriers.
Each of the N subcarriers are then modulated to its assigned frequency with
the multiplication of cos (2fit) and summed, before being transmitted through
the channel. This conversion from a serial chip stream into parallel transmission
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Figure 3.2: The synchronous MC-CDMA
increases the chip duration to equal the symbol duration, and suppresses the
adverse pulse smearing eects as a result of the excess channel delay spread. A
greater system tolerance against ISI is achieved.
The transmitted signal of the kth user, sk can be represented mathematically
as
sk (t) =
NX
i=1
p
2PbkCk;i cos (2fit) : (3.1)
All subcarriers are assumed to carry equal power P , and all users are assumed
to be in complete time synchronisation. The combined signal from all users s (t)
equals the summation of sk (t), over k, for all N .
s (t) =
NX
k=1
NX
i=1
p
2PbkCk;i cos (2fit) (3.2)
The channel model applied is a slow and frequency at complex Gaussian
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multipath fading channel. It is slow in the sense that the channel conditions are
assumed to remain constant over the duration of at least two symbol periods.
The channel for the ith subcarrier of the kth user, Hk;i, is expressed in polar
form as
Hk;i =  k;ie
jk;i ; (3.3)
with the envelope uctuations as a consequence of multipath fading represented
by  , and the random phase shift induced by the channel expressed by . Ap-
plication of the narrowband fading channel is performed with the multiplication
of Hk;i and s (t). The channel also introduces an additive white Gaussian noise
(AWGN) component nk;i. These are also assigned and added to each subcarrier
of every user.
Signals captured by the receiver antenna r (t) immediately after the channel
is expressed mathematically as
r (t) =
NX
k=1
NX
i=1
p
2P k;ibkCk;i cos (2fit+ k;i) + nk;i : (3.4)
Signal detection at the MC-CDMA receiver for a particular reference user
begins with replicating the received signal over N subcarriers. Subcarriers are de-
spread and demodulated individually with the multiplication of Cr;i and cos (2fit).
The r subscript in Cr;i is used to identify the reference user.
Following the demodulation procedure, a gain coecient k;i is then applied
to each subcarrier to suppress the MAI. These gain coecients are calculated by
rst decomposing the test statistic Z at the output of the correlation receiver
into three parts,
Z =
Z Ts
0
NX
i=1
r (t)r;iCr;i cos (2fit) dt (3.5)
=D + I +  ; (3.6)
where D is the desired signal component, I is the interference from MAI, and 
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is the AWGN [37]. These are individually expressed as
D =
r
P
2
TsNbr
NX
i=1
Hr;ir;i (3.7)
I =
r
P
2
TsN
NX
k=1
k 6=r
bk
NX
i=1
Hk;iCk;ir;i ; (3.8)
 =
N0NTs
4
; (3.9)
where N0 is the single sided power spectral density of AWGN.
Both D and I are dependent on the assignment of r;i. The choice of this
gain in (3.7) and (3.8), must cancel the interference terms while preserving the
desired signal, such that
D =
r
P
2
TsNbr ; (3.10)
I = 0 : (3.11)
This is achieved when the chosen values of r;i satisfy the conditions
NX
i=1
Hr;ir;i = 1 ; (3.12)
for the reference user, and,
NX
i=1
Hk;iCk;ir;i = 0 ; (3.13)
for all other users. Values of r;i are obtained by solving the system of N equa-
tions, formulated through (3.12) and (3.13)
[Hk;iCk;i]r = yr ; (3.14)
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where [Hk;iCk;i] is the element by element product of Hk;i and Ck;i,
[Hk;iCk;i] =
266666666664
H1;1C1;1 H1;2C1;2 : : : H1;iC1;i : : : H1;NC1;N
H2;1C2;1 H2;2C2;2 : : : H2;iC2;i : : : H2;NC2;N
...
...
. . .
... : : :
...
Hr;1Cr;1 Hr;2Cr;2 : : : Hr;iCr;i : : : Hr;NCr;N
...
... : : :
...
. . .
...
HN;1HN;1 HN;2CN;2 : : : HN;iCN;i : : : HN;NCN;N
377777777775
; (3.15)
and r is the column vector of r;i gains across all subcarriers for a particular
reference user. yr is a sparse vector with a single non-zero element at the rth
index, which is equal to 1. Assuming that [Hk;iCk;i] is non degenerate, the solution
to the system of equations is
r = [Hk;iCk;i]
 1 yr : (3.16)
The BER performance of two synchronous MC-CDMA systems are simulated
to demonstrate the MAI cancellation procedure. In one of the systems, MAI can-
cellation was not applied and the output of the demodulator stage was connected
directly into the bit detection stage. In a separate system, values of r were
calculated and assigned to cancel the MAI interference. The BER performance
of these two systems are illustrated in Fig. 3.3. With the application of MAI
cancellation, the BER can be reduced from 10 1:7 to 10 4 at an SNR of 30 dB.
This result is evidence that MAI cancellation is mandatory for the successful
operation of synchronous MC-CDMA.
The results in Fig. 3.3 were obtained through the simulation of a 16 user
synchronous MC-CDMA operating at full capacity. Ten million independent trials
were used to calculate the BER as a function of the SNR. Each user is assumed
to be subject to an independent set of 16 complex Gaussian channels, which are
assigned to individual frequency subcarriers. Signal fading aecting subcarriers
for any individual user is assumed to be highly correlated since the spectral
separation between overlapping subcarriers is signicantly less than the coherence
bandwidth. The fading correlation coecient between subcarriers were set to 0.7
in order to reect this condition. Correlated fading channels were generated using
the algorithm presented in [89] based on the Cholesky decomposition technique.
In this section, operation of the synchronous MC-CDMA was examined. The
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Figure 3.3: Comparison of the BER between synchronous MC-CDMA systems
using equal gains and MAI cancellation gains
.
mathematical framework has been established and expressions for the relevant
variables presented. In particular, expressions for the test statistic, its decom-
position into the desired, interference and AWGN components as well as the r
user weights were derived. Performance of the synchronous MC-CDMA was also
simulated and presented.
In the next section, the asynchronous case of the MC-CDMA is established
through the generalisation of the synchronous MC-CDMA. The asynchronous
MC-CDMA occurs in the mobile uplink when timing osets between dierent
users cause user codes to lose orthogonality. Expressions for the two dierent
kinds of MAI are derived, and shown that they cannot be eliminated with r.
This interference is the principal cause the performance decit when an additional
poorly performing diversity branch is introduced, the details of which will be
examined in Section 3.4.
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Figure 3.4: The asynchronous MC-CDMA. User delays 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3.3 Asynchronous MC-CDMA
Communications occurs in an asynchronous manner in the mobile uplink. Even
though users are synchronised to the base station, the time delays introduced
from the dierent propagation distances causes the signals from dierent users to
fall out of synchronisation.
User specic time delays, k, are introduced at the transmitter side to account
for these timing discrepancies. Perfect synchronisation is assumed for the refer-
ence user with r set to zero, and delays from all other N   1 users evaluated
against this reference. The asynchronous MC-CDMA is illustrated in Fig. 3.4.
The structure of asynchronous MC-CDMA receiver is identical to the syn-
chronous case. However, with the introduced time delays, the expressions for
the combined signal from all users, s (t), and the signal captured by the receiver
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antenna immediate after the channel, r (t), become,
s (t) =
NX
k=1
NX
i=1
p
2Pbk (t  k)Ck;i cos (2fi (t  k)) ; (3.17)
r (t) =
NX
k=1
NX
i=1
p
2P k;ibk (t  k)Ck;i cos (2fi (t  k) + k;i) + nk;i: (3.18)
Demodulation continues with the replication of r (t), over N parallel subcarriers
followed by the multiplication of Cr;i cos (2fit)r;i. The subcarriers are then
summed and input into the correlator, where the resultant output Z can be
calculated as a summation of a desired component D, a MAI component I and
an AWGN component .
Z =
Z Ts
0
NX
i=1
r (t)r;iCr;i cos (2fit) dt (3.19)
=D + I +  : (3.20)
The expressions D and  for the asynchronous MC-CDMA remain identical to
the expressions of D and  in the synchronous MC-CDMA, and are calculated as
D =
r
P
2
TsNbr
NX
i=1
 r;ir;i ; (3.21)
 =
N0NTs
4
: (3.22)
The expression for I, however, it is now calculated as
I =II + IJ ; (3.23)
II =
r
P
2
KX
k=1
k 6=r
NX
i=1
r;iCk;iCr;i cos (k;i)
 [ k;i ( 1) bk ( 1) k +  k;i (0) bk (0) (Ts   k)] ; (3.24)
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IJ =
r
P
2
KX
k=1
k 6=r
NX
i=1
NX
j=1
j 6=i
r;iCk;jCr;i
2 (i  j)  [ k;j( 1)bk( 1)   k;j(0)bk(0)]


sin

2(i  j)k
Ts
+ k;j

  sin (k;j)

: (3.25)
The new MAI expression I accounts for a dierent type of MAI that emerges
with the loss of orthogonality between user codes caused by asynchronous timing
osets. This expression for I consists of two parts, II and IJ , which represent
the same carrier and dierent carrier interference terms respectively [37]. The
formulation of II and IJ require both the current and previous transmission time
intervals be taken into account, and are identied with the (0) and ( 1) time
indices respectively.
In the asynchronous case, it is impossible to select suitable values of r which
can simultaneously eliminate interference contributions from both transmission
intervals. Partial MAI suppression, however, can still be achieved by calculating
r with (3.16) using the conditions of the current time interval.
The Simulated performance of the asynchronous MC-CDMA is illustrated in
Fig. 3.5. Its BER as a function of the SNR has been plotted in red. The perfor-
mance of the asynchronous MC-CDMA without MAI cancellation and the syn-
chronous MC-CDMA were also plotted for comparison. The results demonstrate
that correct application of the MAI cancellation term r, allows an improvement
for the BER with a reduction from 10 1:7 to 10 3 at an SNR of 30 dB. However,
since MAI can not be completely eliminated in the asynchronous MC-CDMA,
the BER is considerably higher than the 10 4 at SNR 30 dB achievable by the
synchronous MC-CDMA.
The parameters used for the performance simulation were identical to Section
3.2, and assumes the 16 user MC-CDMA operating at full capacity. Fading
eects were assumed independent between users but correlated with a coecient
of 0.7 between subcarriers. The timing delay introduced in the asynchronous
communications k, is treated as independent and identically distributed (i.i.d.),
and uniformly distributed between 0 and Ts.
The asynchronous nature of the MC-CDMA uplink introduces timing dis-
crepancies between users which creates a new form of MAI as user codes lose
orthogonality. The MAI cancellation gains, r, established in the synchronous
case are shown to be ineective here. Complete elimination of the MAI in the
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Figure 3.5: BER performance of the asynchronous MC-CDMA. Cases of the
asynchronous MC-CDMA with and without MAI cancellation are compared. The
standard synchronous MC-CDMA has been included for reference.
asynchronous case is demonstrated to be impossible using this technique. The
implication of this is that the additional layer of diversity needs to be applied with
caution as diversity techniques do not discriminate between signal and interfer-
ence. Any improvements in the carrier to noise ratio would not automatically
imply a decreased BER.
In the next section, the performance decit when polarisation diversity is
applied to asynchronous MC-CDMA is presented. These results challenge the
existing parameter bounds considered acceptable for diversity action.
3.4 Asynchronous MC-CDMAwith polarisation
diversity
The antenna polarisation diversity scheme is vulnerable to the power imbalance
condition. The review of the literature identied that signals received in the hor-
izontal polarisation can be consistently lower than the vertical polarisation. This
power imbalance is problematic in the framework of the asynchronous MC-CDMA
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Figure 3.6: Asynchronous MC-CDMA with polarisation diversity. Here, the
MC-CDMA receiver consists of two parallel stages, one for each of the vertical
and horizontal polarisations. Signal demodulation is performed independently,
and the output test statistics are combined before bit detection. The transmitter
stage is identical to the one in Section 3.3, however for clarity purposes, only the
signal contribution from the reference user sr (t) has been drawn.
because diversity paths with weak signal contribution will introduce proportion-
ally more interference. This section demonstrates the performance penalties as
a result of this power imbalance condition and challenges the validity of existing
parameter bounds for acceptable diversity action.
The asynchronous MC-CDMA system with polarisation diversity is illustrated
in Fig. 3.6. The structure of the MC-CDMA transmitter is identical to the one
in Section 3.3. The transmitted signal, expressed as
s (t) =
NX
k=1
NX
i=1
p
2Pbk (t  k)Ck;i cos (2fi (t  k)) ; (3.26)
are assumed to be transmitted through a vertically polarised antenna.
EM wave propagation through the mobile channel occurs in a multipath man-
ner. Interactions with the channel obstacles along the propagation route causes
signal depolarisation, where some of the signal power originally concentrated in
the vertical polarisation is transferred into the horizontal polarisation. It is this
depolarisation mechanism that allows antenna polarisation to be a mode of di-
versity.
Empirical treatment of polarisation channels in the literature shows both the
vertical and horizontal polarisations to be well modelled by complex Gaussian
channels, expressed in polar form as
Hh;k;i =  h;k;ie
jh;k;i ; (3.27)
Hv;k;i =  v;k;ie
jv;k;i ; (3.28)
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with   representing the small scale fading and , the random phase osets induced
by channel. Subscripts v and h indicate the vertical and horizontal polarisations
respectively. The orthogonal polarisations generally exhibit very low levels of
fading correlation, but not equal power. It is rare for correlation coecients to
be take values larger than 0.4, but a dierence between average branch power is
common and can be as high as 6 dB. The metric used to quantify the level of
power imbalance is the XPD, dened as the power ratio of the vertical polarisation
with respect to the horizontal polarisation,
XPD =
E

 2v;k;i

E

 2h;k;i
 : (3.29)
The depolarisation phenomenon is performed mathematically as the multiplica-
tion of Hv;k;i and Hh;k;i against s(t). The resultant signals in the vertical rv (t)
and horizontal rh (t) polarisations are calculated as
rv (t) =
NX
k=1
NX
i=1
p
2P v;k;ibk (t  k)Ck;i cos (2fi (t  k) + v;k;i) + nv;k;i ;
(3.30)
rh (t) =
NX
k=1
NX
i=1
p
2P h;k;ibk (t  k)Ck;i cos (2fi (t  k) + h;k;i) + nh;k;i:
(3.31)
A standard polarisation diversity receiver front end with antennas aligned along
the vertical and horizontal polarisations was used to independently capture these
signals. Such an antenna alignment means the power imbalance of the XPD
translates directly into the BPR.
Each antenna is attached to its own standard MC-CDMA receiver, indepen-
dently despreading and demodulating the captured signals. Test statistics Zv
and Zh for the vertical and horizontal polarisations generated at the output of
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the correlator are calculated as
Zv =
Z Ts
0
NX
i=1
rv (t)v;r;iCr;i cos (2fit) dt (3.32)
=Dv + Iv + v ; (3.33)
Zh =
Z Ts
0
NX
i=1
rh (t)h;r;iCr;i cos (2fit) dt (3.34)
=Dh + Ih + h ; (3.35)
with the desired signal components D and AWGN components  represented as
Dv =
r
P
2
TsNbr
NX
i=1
 v;r;iv;r;i ; (3.36)
Dh =
r
P
2
TsNbr
NX
i=1
 h;r;ih;r;i ; (3.37)
v =
N0vNTs
4
; (3.38)
h =
N0hNTs
4
; (3.39)
and the MAI terms as
Iv =Iv;I + Iv;J ; (3.40)
Ih =Ih;I + Ih;J (3.41)
where
Iv;I =
r
P
2
KX
k=1
k 6=r
NX
i=1
v;r;iCk;iCr;i cos (v;k;i)
 [ v;k;i ( 1) bk ( 1) k +  v;k;i (0) bk (0) (Ts   k)] ; (3.42)
Ih;I =
r
P
2
KX
k=1
k 6=r
NX
i=1
v;r;iCk;iCr;i cos (h;k;i)
 [ h;k;i ( 1) bk ( 1) k +  h;k;i (0) bk (0) (Ts   k)] ; (3.43)
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and
Iv;J =
r
P
2
KX
k=1
k 6=r
NX
i=1
NX
j=1
j 6=i
v;r;iCk;jCr;i
2 (i  j)  [ v;k;j( 1)bk( 1)   v;k;j(0)bk(0)]


sin

2(i  j)k
Ts
+ v;k;j

  sin (v;k;j)

; (3.44)
Ih;J =
r
P
2
KX
k=1
k 6=r
NX
i=1
NX
j=1
j 6=i
h;r;iCk;jCr;i
2 (i  j)  [ h;k;j( 1)bk( 1)   h;k;j(0)bk(0)]


sin

2(i  j)k
Ts
+ h;k;j

  sin (h;k;j)

: (3.45)
Importantly, application of the MAI cancellation coecients v;r and h;r are
polarisation specic and need to be calculated using the channel conditions of
the current transmission interval.
v;r = [Hv;k;i (0)Ck;i]
 1 yr (3.46)
h;r = [Hh;k;i (0)Ck;i]
 1 yr (3.47)
Finally, at the bit detection stage, test statistics Zv and Zh are combined by
means of a sum and input into the decision device.
The simulated BER performance of the asynchronous MC-CDMA with polar-
isation diversity under dierent levels of power imbalance is presented in Fig. 3.7.
The results shows rstly, that if polarisation diversity branches are power bal-
anced, the performance of the asynchronous MC-CDMA can be improved with a
reduction in the BER. The BER was recorded to be 410 5 for a SNR of 30 dB, a
signicant improvement over the BER of 2 10 3 for the standard asynchronous
MC-CDMA with no diversity.
The second observation is that system performance degrades quickly with
power imbalance, clearly demonstrating that if the average branch between di-
versity branches cannot be balanced, system performance worsens with diversity.
Performance penalties occur with power imbalances as small as 3 dB, and is
attributed to the indiscriminate capture of signal and interference by diversity
branches. Without sucient contribution into fading rejection, the additional
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Figure 3.7: BER performance of asynchronous MC-CDMA with polarisation di-
versity, under dierent levels of branch power imbalance. Performance of the
standard asynchronous MC-CDMA without diversity is included for reference.
diversity branch serve as a source of interference and disrupts signal detection.
The parameters used to simulate the asynchronous MC-CDMA with polari-
sation diversity assumes 16 users and operates at full capacity. For each user, a
set of fading channels is generated for each of the polarisation branches. Signal
fading is assumed to be independent between users and independent between po-
larisations, but remain highly correlated between the carriers of each user, with
the correlation coecient set at 0.7. Values of 0 dB, 3 dB, 6 dB and 9 dB were
assigned to the XPD in order to examine the eects of branch power imbalance
on the system performance. The simulation conducted ten million independent
trials for each value of the XPD.
3.5 Summary
The validity of existing parameter bounds for eective diversity were examined
through the example of using traditional polarisation diversity with MC-CDMA.
The established acceptable diversity parameters were challenged on the basis that
existing bounds were established in the absence of additional interference such
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as MAI. Implementing diversity improves the CNR by minimising the duration
and occurrence of deep fades, but indiscriminately captures both signal and in-
terference. An improvement in the CNR does not therefore imply an automatic
improvement in performance.
This research evaluates the validity of acceptable bounds with empirical sim-
ulations of a 16 user asynchronous MC-CDMA system operating at full capacity.
Results demonstrate that signicant improvements in the BER can be achieved
if ideal diversity conditions with uncorrelated fading and equal average branch
powers are available for diversity action. This shows that there is an overall sys-
tem performance improvement when optimum diversity is achieved, even if the
extra diversity branch had introduced more MAI.
Conditions for optimum function of diversity, however, are not typically achiev-
able with the standard traditional polarisation diversity. Average power imbal-
ances between the vertical and horizontal polarisations are consistently observed
to be in excess of 6 dB. Simulations show that BER performance degrades quickly
in the presence of power imbalance. In fact, performance decits occur with an
average power imbalance as small as 3 dB. This result is signicant because it
shows denitively that having no diversity is better than an under performing
diversity system. Such research outcomes is evidence that a proper implemen-
tation of polarisation diversity necessarily requires diversity branches to capture
diversity signals have zero fading correlation and equal average branch power.
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Chapter 4
Model of the Generalised
Polarisation Diversity System
The average power imbalance between diversity branches is one of the major lim-
itations of polarisation diversity. Average branch power between the diversity
branches depends mainly on the polarisation of the transmitted signal, the orien-
tation of the transmitter and receiver terminals, and the channel. Existing work
in the literature presents only an elementary analysis into specic symmetric an-
tenna geometries, and does not provide a detailed analysis into the variability of
diversity parameters caused by antenna orientations.
This chapter presents a generalised mathematical framework for polarisation
diversity that describes the average branch power imbalance and power corre-
lation coecient as a function of both the transmitter and receiver terminals.
Expressions for the branch power ratio and power correlation coecient derived
here are applicable to any generic polarisation diversity system that uses two or-
thogonally mounted linearly polarised antennas at the transmitter and receiver.
This model can be simplied to account for traditional implementations of po-
larisation diversity, and can also be extended to investigate performance of po-
larisation diversity using the transmission of circularly and elliptically polarised
signals. Unlike much of the published literature which often assumes uncorrelated
diversity branches to simplify calculations, this model maintains generality with
correlated diversity branches. This is extremely important as the further perfor-
mance improvement of polarisation diversity by optimising the power correlation
coecient in Chapter 7 would not be possible.
Subsequent chapters of the thesis, especially Chapters 5, 6 and 7, will be using
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Figure 4.1: Generalised model of the transmitter component.
this polarisation diversity model extensively.
4.1 System model
The general model describes the polarisation diversity system in three compo-
nents, the transmitter unit, the polarisation channel and the polarisation diversity
receiver.
4.1.1 Transmitter component
The transmitter unit is modelled as a device with an antenna structure that
consists of two linearly polarised antenna elements V1 and V2 mounted in an
orthogonal manner. Each antenna is injected with a complex carrier of frequency
!, and is written as
U =
"
V1
V2
#
=
"
A1e
j!t
A2e
j(!t )
#
: (4.1)
The amplitudes of each respective complex carrier are represented by A1 and
A2. The phase dierence between V1 and V2 is described by . In general, this
transmitted signal is elliptically polarised, but appropriate values can be assigned
to A1, A2 and  to generate linearly polarised or circularly polarised signals.
This pair of transmitting antennas are assumed to be able to rotate in the xy
plane, as illustrated in Fig. 4.1. The angle of rotation is represented by , and
is dened as the clockwise angle subtended from the vertical y axis to antenna
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Figure 4.2: Generalised model of the polarisation diversity receiver.
V1. Projecting the signals from V1 and V2 into the horizontal Vx and vertical Vy
polarisations accounts for the transmitter orientation. This is achieved with the
multiplication of U by a transformation matrix, calculated as
V =
"
Vx
Vy
#
=
"
sin ()   cos ()
cos () sin ()
#"
V1
V2
#
: (4.2)
4.1.2 Polarisation channel
The second component is the polarisation channel, it is modelled as a 2 by 2
matrix whose elements are complex Gaussian random variables [55, 63, 70], and
written as,
H =
"
H11 H12
H21 H22
#
=
"
 11e
j11  12e
j12
 21e
j21  22e
j22
#
: (4.3)
Each element of the H matrix describes the interactions between the vertical
and horizontal polarisations. A graphical representation of this interaction is
illustrated in Fig. 4.2. The elements H11 and H22 along the main diagonal
represent the co-polar links between the horizontal to horizontal and vertical to
vertical polarisations respectively. Elements along the anti-diagonal, H21 and H12
represent the cross-polar links between the vertical to horizontal and horizontal to
vertical polarisations. When expressed in polar form,  mn represents the envelope
fading, and is Rayleigh distributed with power E [ 2mn]. The envelope fading
between the  11 and  21 polarisation links as well as the  22 and  12 polarisation
links are assumed to be correlated. All other combinations of   are regarded as
independent. The mn variables represent phase osets induced by the channel,
and are all independent random variables uniformly distributed between [0; 2).
Signal propagation through the polarisation channel is modelled with the mul-
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Figure 4.3: Generalised model of the polarisation diversity receiver.
tiplication of V by H. The resultant signal residing within the horizontal Rx and
vertical Ry polarisations immediately prior to reception is calculated as,"
Rx
Ry
#
=
"
 11e
j11  12e
j12
 21e
j21  22e
j22
#"
Vx
Vy
#
: (4.4)
4.1.3 Polarisation diversity receiver
The polarisation diversity receiver is the nal component of the system. It is also
modelled as a device with two linearly polarised antennas R1 and R2 mounted
in an orthogonal manner, and allowed to rotate in the xy plane. The angle  
is used to describe the orientation of the receiver antenna, and is dened to be
the clockwise angle subtended between antenna R1 and the vertical y axis. A
diagram illustrating the structure of the receiver antenna system is illustrated in
Fig. 4.3. Signals captured by the diversity receiver are calculated by projecting
the Rx and Ry components after signal propagation into antennas R1 and R2,
written as, "
R1
R2
#
=
"
sin ( ) cos ( )
  cos ( ) sin ( )
#"
Rx
Ry
#
: (4.5)
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4.2 Diversity parameters
The two parameters which dictate the performance of diversity systems are the
fading correlation coecient and the branch power ratio (BPR). The objective is
to obtain generalised expressions for the BPR and the correlation coecient that
simultaneously accounts for the transmitter orientation, the receiver orientation,
and the polarisation of the transmitted signal.
4.2.1 Branch power ratio
The BPR quanties the power dierence between diversity branches and is dened
as the power ratio of R1 and R2,
BPR =
E [R21]
E [R22]
: (4.6)
The required second order moments of R1 and R2 are calculated from (4.5) as,
E

R21

=sin2 ( )E

R2x

+ cos2 ( )E

R2y

(4.7)
E

R22

=cos2 ( )E

R2x

+ sin2 ( )E

R2y

; (4.8)
and then arranged into the ratio
BPR =
sin2 ( )E [R2x] + cos
2 ( )E

R2y

cos2 ( )E [R2x] + sin
2 ( )E

R2y
 : (4.9)
This BPR expression can be written in terms of the XPD, by dividing both the
numerator and denominator by cos2 ( )E [R2x], which gives
BPR =
tan2 ( ) + XPD
1 + XPD tan2 ( )
: (4.10)
Equation (4.10) is a generalised expression of the BPR, and shares an identical
form to the BPR derived in [97] specic for a linearly polarised transmitter. How-
ever, in order to completely describe the BPR for the general case, the expression
of the XPD as a function of the transmitter orientation and the polarisation of
the transmit signal must be established.
The XPD, as previously dened, is the power ratio between the vertical and
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horizontal polarisations
XPD =
E

R2y

E [R2x]
: (4.11)
The required second order moments of Ry and Rx are obtained from (4.5), and
are calculated as
E

R2y

=KdE

 221

+KsE

 222

(4.12)
E

R2x

=KdE

 211

+KsE

 212

; (4.13)
with
Kd =A
2
1 sin
2 () + A22 cos
2 ()  2A1A2 sin () cos () cos () (4.14)
Ks =A
2
1 cos
2 () + A22 sin
2 () + 2A1A2 sin () cos () cos () : (4.15)
4.2.2 Correlation coecient
The fading correlation coecient quanties the similarity of the signal fading
between two diversity branches R1 and R2. It is dened as the covariance of R
2
1
and R22, normalised by the product of their respective standard deviations,
p =
E [R21R
2
2]  E [R21]E [R22]p
(E [R41]  E2 [R21]) (E [R42]  E2 [R22])
: (4.16)
Derivation of the fading correlation coecient follows the same procedure as the
previous section in that the required moments and joint moments of R1 and R2
are rst calculated and then reassembled. The second order moments E [R21]
and E [R22] have already been established in (4.7) and (4.8). The joint moment
E [R21R
2
2] and the fourth order moments E [R
4
1] and E [R
4
1] are calculated in the
same manner. Importantly however, is that the joint moments between  11 and
 21; and  22 and  12 are treated as correlated random variables, and that the
fourth order moments of   are reduced to second order moments following the
property E [ 4] = 2E2 [ 2] of Rayleigh distributed random variables. The de-
tailed derivation of the correlation coecient expression has been compiled into
Appendix A.
The simplied expression for the fading correlation coecient is represented
as,
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p =
tan2 ( )

E

R2x
  E R2y2 +  tan2 ( )  12rh 
tan2 ( )E

R2x

+ E

R2y
2
+ 4 tan2 ( )
i h 
E

R2x

+ tan2 ( )E

R2y
2
+ 4 tan2 ( )
i ;
(4.17)
with
 = K2d
 
E

 211 
2
21
  E  211E  221+K2s  E  212 222  E  212E  222 :
(4.18)
The signicance of (4.17) is that the correlation coecient can be regarded as
being controlled by two principal factors, which are the average power dierence
between the vertical and horizontal polarisations E [R2x] E

R2y

, and the chan-
nel correlation between the cross polar links . An important property is that
the dominance of either factor depends upon the receiver orientation  . This
implies that techniques to minimise the fading correlation will have to be receiver
orientation specic.
4.3 Simulation parameters and procedures
This section outlines the parameters and procedures used to generate the polari-
sation channel H for simulation.
The polarisation channel H was dened to be a 2 by 2 matrix that describes
each polarisation link between the transmitter and the receiver. Each element
within the matrix is a complex Gaussian random variables of the form  mne
jmn .
The mn variable describes the phase oset induced by the channel, and is uni-
formly distributed between [0; 2). The  mn variables represent the envelope fad-
ing introduced by the channel, which are Rayleigh distributed, each with power
E [ 2mn]. The degree of signal depolarisation determines the value of E [ 
2
mn] and
depends on the channel under examination. The urban, suburban, and rural en-
vironments will be used throughout the thesis, and their relative power ratios are
dened in Table 4.1. These values are selected to be representative of the channel
measurements reported in the literature presented in Chapter 2.
The ratios
E[ 222]
E[ 212]
and
E[ 211]
E[ 221]
signify the power coupling as a result of signal
depolarisation occurring between the cross polar branches. Values show the least
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Urban Suburban Rural
E[ 222]
E[ 212]
6 dB 10 dB 12 dB
E[ 211]
E[ 221]
6 dB 10 dB 12 dB
E[ 222]
E[ 211]
3 dB 2 dB 0 dB
Table 4.1: Polarisation channel relative power ratios.
discrepancy in the urban environments as this channel is obstacle rich and best
facilitates the transfer of power between the vertical and horizontal polarisations.
The ratio
E[ 222]
E[ 211]
represent the relative power dierence between the vertical
and horizontal polarisations. This ratio is used to describe the asymmetric at-
tenuation between the vertical and horizontal polarisations. Electric eld vectors
that are parallel to channel obstacles suer less attenuation than those that are
orthogonal to channel obstacles [44]. In the urban environment where buildings
are upright and constitute the majority of the channel obstacles, the vertical
polarisation is expected to experience less attenuation than the horizontal polar-
isation. On the other hand, open nature of the rural environment promotes an
equal attenuation between the vertical and horizontal polarisations.
In all three environments, derivations of the envelope fading between the cross
polar links  11 and  21, and  22 and  12 have been assumed correlated to maintain
generality. In simulation, however, both correlated and uncorrelated channels will
be examined in subsequent chapters. The channel correlation assumed in each
simulation will be explicitly stated. If the channel is assumed to be correlated,
the correlation coecient between  11 and  21; and  22 and  12 have been set
to 0.4. This is reective of worst case scenario, since the channel correlation
coecients, as summarised in Chapter 2 are generally closer to 0. Correlated
Rayleigh channels were generated using the algorithm presented in [30].
4.4 Summary
A generalised model of a polarisation diversity system which accounts for trans-
mitter and receiver orientations, as well as the type of polarisation of the transmit-
ted signal is established. At the transmitter, a pair of linearly polarised elements
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mounted in an orthogonal manner with orientation  is assumed. This antenna
structure generally produces signals that are elliptically polarised, but can be
easily modied to create linearly or circularly polarised signals. The polarisation
channel is established as a 2 by 2 matrix that describes the interactions between
the vertical and horizontal polarisations. At the receiver side, two linearly po-
larised elements mounted in an orthogonal manner with orientation  is used to
capture diversity signals.
Generalised expressions for the branch power ratio and correlation coecient
derived from his model serves as the basis for subsequent chapters. The param-
eters and procedures for the simulation of such diversity systems have also been
presented.
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Chapter 5
Polarisation Diversity using
Linear Polarisation
The polarisation diversity receiver is traditionally implemented with two linearly
polarised antenna elements aligned vertically and horizontally to capture the ver-
tical and horizontal polarisations. [35,55,95]. Signals emitted from the transmitter
are typically vertically polarised signals. Diversity signals captured in this con-
guration exhibit low fading correlation, but have an undesirable large average
power imbalance.
Resolving this power imbalance problem between the vertical and horizon-
tal polarisations can be achieved with the realignment of the receiver diversity
antennas at angles  relative to the vertical axis [28, 48]. The established an-
tenna symmetry reduces the average power dierence, but is at the expense of
an increased fading correlation.
While the symmetric antenna structure is easily achievable at the base station,
the geometry is dicult to maintain for the mobile station. This is because
mobile units are hand held devices and can have variable orientations. The power
imbalance problem re-emerges when geometric symmetry of the antennas are
disturbed through changes in the antenna orientation.
The primary objective of this chapter is to quantify diversity parameters of
traditional polarisation diversity systems after antenna orientations at both the
transmitter and receiver terminals are taken into account. A key limitation in
this implementation of polarisation diversity is demonstrated, showing that diver-
sity parameters can easily exceed acceptable parameter bounds with a change in
antenna orientations. The work presented in this chapter uses the mathematical
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Figure 5.1: The traditional polarisation diversity in the mobile uplink.
framework established previously in Chapter 4.
5.1 Traditional polarisation diversity
The traditional polarisation diversity scheme is implemented in the uplink and
utilises two linearly polarised antennas at the base station mounted orthogonally
to capture signals residing in the vertical and horizontal polarisations. In relation
to the generalised polarisation diversity model, this is equivalent to having the
receiver orientation is xed at  = 0.
At the mobile transmitter, the emitted signal is usually assumed to be princi-
pally vertically polarised. This is achieved with the assignment of values A1 = A,
A2 = 0 and  = 0 to the generalised polarisation diversity model. With such an
assignment, V1 will be the only transmitting antenna emitting a linearly polarised
signal. However, since the mobile unit is a hand held device, its orientation 
should be regarded as a variable, and free to rotate in the xy plane. Fig. 5.1
illustrates a diagram of this polarisation diversity system.
Using the generalised expressions of the BPR (4.10) and correlation coecient
(4.17), the respective diversity parameters are calculated as,
BPR =
tan2 ()E [ 221] + E [ 
2
22]
tan2 ()E [ 211] + E [ 
2
12]
; (5.1)
p =
sin4 () (E [ 211 
2
21]  E [ 211]E [ 221]) + cos4 () (E [ 212 222]  E [ 212]E [ 222]) 
sin2 ()E [ 211] + cos
2 ()E [ 212]
  
sin2 ()E [ 221] + cos
2 ()E [ 222]
 :
(5.2)
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The correlation coecient, as discussed previously in Chapter 4, can be re-
garded as an expression inuenced by the power dierence between the horizontal
and vertical polarisations, and the channel correlation between the cross polar
links. In the traditional polarisation diversity scheme where the alignment of the
receiver antennas are along the vertical and horizontal axes with  = 0, the
generalised expression of p simplies into (5.2), a form that is inuenced only
by the channel correlation between the cross polar links. Historical developments
assuming a xed vertically polarised transmitter with  = 0 further implies that
the correlation coecient becomes entirely dependent on the covariance between
 222 and  
2
12. Since empirical measurements in the literature as seen in Chapter 2
indicate at worst a very weak fading correlation between these links, histori-
cal treatments have used this to justify the assumptions of uncorrelated fading
between vertical and horizontal polarisations. The implications of such an as-
sumption is signicant, because the covariance between R21 and R
2
2 would always
zero and therefore not allow the inuence of antenna orientations to be properly
studied. Examination of the fading correlation coecient as a function of antenna
orientations necessarily requires a generalised treatment with correlated channel
links.
For the BPR, (5.1) the signicant feature here is that it is clearly inuenced
by the transmitter orientation . This means that the average branch power
of diversity branches will generally be in an unbalanced state for any arbitrary
orientation. Nevertheless, channel specic transmitter orientations that allows for
average power balance between the vertical and horizontal polarisation diversity
branches do exist and can be determined.
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5.1.1 Transmitter orientation for power balanced diver-
sity branches
The ideal transmitter orientation for an optimal BPR is calculated from (5.1), by
setting the BPR to equal 0 dB and then solving for 
BPR = 1 =
tan2 ()E [ 221] + E [ 
2
22]
tan2 ()E [ 211] + E [ 
2
12]
(5.3)
) tan2 ()E  211+ E  212 = tan2 ()E  221+ E  222 (5.4)
) tan2 () = E [ 
2
22]  E [ 212]
E [ 211]  E [ 221]
(5.5)
)opt = arctan
 s
E [ 222]  E [ 212]
E [ 211]  E [ 221]
!
: (5.6)
For the previously dened urban, suburban and rural environments, these opti-
mum transmitter orientation are calculated to be 54:73, 51:54 and 45 respec-
tively. These results have been summarised in Table 5.1.
Urban Suburban Rural
opt 54:73
 51:54 45
Table 5.1: Transmitter orientations for power balanced BPR.
The achieved average power balance between R1 and R2 however, is only
temporary and can be lost following a variation in . This can be demonstrated
by calculating the gradient of the BPR as a function of the transmitter orientation,
dBPR
d
=
2 tan () sec2 () (E [ 221]E [ 
2
12]  E [ 222]E [ 211])
(tan2 ()E [ 211] + E [ 
2
12])
2 : (5.7)
At the ideal transmitter orientation  = opt, the gradient of the BPR is gen-
erally non zero. In particular, the rate of change evaluated in linear scale are
 2:546,  3:3597 and  3:5252 for the urban, suburban and rural environments
respectively. This demonstrates that power balance can easily be lost following a
change in the transmitter orientation.
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Figure 5.2: BPR simulation for the traditional polarisation diversity as a function
of the transmitter orientation in dierent environments. Optimum transmitter
orientations for power balanced BPR are marked by the dotted lines.
5.1.2 Performance of traditional polarisation diversity
The performance of the traditional polarisation diversity is demonstrated through
computer simulations of the average BPR and fading correlation coecient.
In Fig. 5.2, the average BPR in the urban, suburban and rural environments
are plotted as a function of the transmitter orientation . The angles at which
the power balanced BPR are achieved have also been marked. It can be seen that
small change in the transmitter orientation causes power balance to be lost. In
the urban environment, a 10 variation away from opt causes a corresponding
shift in the BPR by approximately 2 dB. The loss of power balance is even more
severe in the suburban and rural environments, where a 10 variation away from
opt causes the BPR to shift by 2:5 dB and 3 dB respectively.
Simulated results for the fading correlation coecient between antennas R1
and R2 in the urban, suburban and rural environments as a function of the
transmitter orientation  are presented in Fig. 5.3. Simulation were performed
with the assumption of correlated channels, with a channel correlation coecient
set to 0.4. The results show that the fading correlation coecient is at a minimum
when the transmitter orientation is operating at opt.
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Figure 5.3: Correlation coecient simulation for the traditional polarisation di-
versity as a function of the transmitter orientation in dierent environments. The
correlation coecient values at opt are marked by the dotted lines.
The combined result of the BPR and correlation coecient demonstrates that
the traditional polarisation diversity with the transmitter orientation set to opt,
allows for a balanced BPR and very low fading correlation, conditions that are
favourable for diversity action. One disadvantage is the required knowledge of
the channel statistics in order to calculate this optimum angle. The other more
severe disadvantage is that the transmitter orientation must remain xed, and
a small change in the antenna geometry causes power balance to be lost. Such
constraints mean that the traditional polarisation diversity scheme is not suitable
for the mobile uplink.
5.2 Symmetric polarisation diversity
One of the most successful methods to address the power imbalance problem is to
use a receiver antenna geometry that is symmetric about the vertical y axis [48].
In this section, antenna rotations are introduced at the receiver side to examine
its eects on the diversity parameters. The receiver orientation of  = 45 is of
particular interest because the antenna elements are symmetric with respect to
the y axis.
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5.2.1 Modifying the receiver orientation for power bal-
ance
The investigation begins with the assumption of a linearly polarised transmit-
ter with an arbitrary orientation. The generalised expression of the BPR, as a
function of the XPD, is
BPR =
tan2 ( ) + XPD
1 + XPD tan2 ( )
: (5.8)
The receiver antenna orientation that allows for branch power balance is calcu-
lated by setting BPR to 0 dB and solving for the value of  
BPR = 1 =
tan2 ( ) + XPD
1 + XPD tan2 ( )
(5.9)
1 + XPD tan2 ( ) = tan2 ( ) + XPD (5.10)
tan2 ( ) =
XPD  1
XPD  1 = 1 (5.11)
)  =45 : (5.12)
This calculation shows that the optimum receiver antenna orientation for a power
balanced BPR is at  = 45. Importantly, this reects the case of a geometrically
symmetric antenna conguration with R1 and R2 aligned at angles 45 with
respect to the y axis.
With this conguration, the branch power imbalance problems are resolved.
However, of greater signicance is the implications this has on the transmitter
orientations. From the generalised expression of the BPR (4.10), eects of the
transmitter orientations are conned within the XPD term. If power balance is
achieved when  = 45 irrespective of the XPD, it also means that power balance
is achieved irrespective of the transmitter orientation . Such a result demon-
strates that power imbalance problems originally induced by variable transmitter
orientations are also resolved.
The symmetric antenna geometry implemented at the diversity receiver is ex-
tremely eective at ensuring a power balanced BPR. However, a full description
of diversity performance also requires the examination into the fading correla-
tion coecient. Analysis begins at the generalised correlation coecient (4.17)
rewritten here again as,
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p =
tan2 ( )

E

R2x
  E R2y2 +  tan2 ( )  12rh 
tan2 ( )E

R2x

+ E

R2y
2
+ 4 tan2 ( )
i h 
E

R2x

+ tan2 ( )E

R2y
2
+ 4 tan2 ( )
i :
(5.13)
The expression in the numerator shows that the fading correlation coecient is
primarily under the inuence of the power dierence between the horizontal and
vertical polarisations E [R2x]  E

R2y

, and the channel correlation parameter .
An interesting property is that the contribution from either of these terms is
largely determined by the receiver orientation. In particular,  is the dominant
term for receiver orientations close to  = 0 and  = 90, but E [R2x]   E

R2y

is the dominant term at  = 45.
Proceeding with this reasoning, if polarisation channels are assumed to have
very low correlation with values of  close to zero, then the expression for the
correlation coecient simplies to
p =
tan2 ( )

E [R2x]  E

R2y
2rh 
tan2 ( )E [R2x] + E

R2y
2i h 
E [R2x] + tan
2 ( )E

R2y
2i : (5.14)
Here, the correlation coecient is zero at  = 0, but increases to a maximum
value dependent on E [R2x]   E

R2y

at  = 45. A large power dierence be-
tween the vertical and horizontal polarisations translates to a large correlation
coecient. This means that a large power imbalance when  = 0 can become
power balanced at  = 45 at the expense of a maximised correlation coecient.
This observation has been empirically veried by [97] and [48].
5.2.2 Performance of the symmetric polarisation diversity
Presented in this section is the performance of the symmetric polarisation diver-
sity where antenna rotations are introduced at the receiver in order to promote
the conditions of equal branch powers. Computer simulations were performed to
illustrate the behaviour of the BPR and correlation coecient as a function of
the receiver orientation  .
Fig. 5.4 illustrates a simulation of the BPR as a function of the receiver
orientation in an urban environment for three dierent transmitter orientations
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Figure 5.4: BPR simulation as a function of the receiver orientation  in an urban
environment. Simulation was performed as a function of the receiver orientation
 for transmitter orientations of  = 0, 30, and 60.
 = 0,  = 30, and  = 60. The purpose of this plot is to demonstrate the
implications of (5.12) where power balance is achieved for  = 45 irrespective
of the transmitter orientation. It can be seen that all three curves intersect at
BPR = 0 dB when the receiver orientation is  = 45.
Fig. 5.5 and Fig. 5.6 presents the simulation of the correlation coecient as a
function of the receiver orientation. They illustrate the cases for uncorrelated and
correlated polarisation channels respectively. In both cases, the simulations were
performed using a transmitter antenna that is vertically polarised with  = 0.
In the case of an uncorrelated channel, Fig. 5.5 demonstrates that the corre-
lation coecient becomes a maximum value when the receiver orientation shifts
towards  = 45 for average branch power balance. Importantly, this maximum
value of the correlation coecient increases with an increasing power dierence
between the vertical and horizontal polarisations. For the urban XPD = 6 dB,
suburban XPD = 10 dB and rural XPD = 12 dB environments, their respective
maximum correlation coecients are 0.36, 0.6694 and 0.7767. This observation
is consistent with the prediction made through the analysis of the generalised
correlation coecient expression.
The trade o between the BPR and fading correlation coecient does not
always yield desirable outcomes. The results demonstrate that for the rural en-
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Figure 5.5: Correlation coecient as a function of the receiver orientation  in
uncorrelated channels.
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vironment, a 12 dB XPD translates to a maximum correlation coecient greater
than the 0.7 threshold for eective diversity. Even for the suburban environment,
the fading correlation coecient of 0.6694 is regarded to be very high.
Fig. 5.6 illustrates the behaviour of the fading correlation coecient in corre-
lated polarisation channels as a function of the receiver orientation. The fading
correlation coecient now takes a higher value of 0.4 at the orientations  = 0
and  = 90. This is to be expected since the channel correlation parameter 
is the dominant term aecting fading correlation at these two orientations. Sim-
ilarly, the contribution of  diminishes when the orientation is at  = 45, and
it is the power dierence between the vertical and horizontal polarisations that
becomes dominant.
For the rural and suburban environments, the variation of the receiver ori-
entation from  = 0 to  = 45 causes the fading correlation to increase to a
maximum value. The large power imbalance between the vertical and horizontal
polarisations is responsible for the large fading correlation at  = 45.
The results for the urban environment may appear unusual, with the value
of the fading correlation coecient reducing to a minimum at  = 45. Such
an outcome is reasonable and explainable by once again analysing the relative
contributions from the terms E [R2x] E

R2y

and  in the numerator of (5.13). A
fading correlation coecient of 0.4 at  = 0 is primarily due to the parameter .
The term E [R2x] E

R2y

does not contribute to the correlation coecient at this
receiver orientation. At  = 45, however, the contribution from  diminishes
and it is E [R2x]   E

R2y

that becomes the dominant term, yielding a fading
correlation coecient of 0.2886. The reason why this value is a minimum rather
than a maximum is simply because the eects of  at  = 0 gives a greater
fading correlation than the eects of E [R2x]   E

R2y

at  = 45. In fact, if
the XPD were equal to 0 dB making E [R2x] = E

R2y

, the value of the fading
correlation coecient will not only minimum, but also ideal at zero.
5.3 Summary
Traditional polarisation diversity is implemented at the base station receiver of
the mobile uplink, and uses two linearly polarised antenna elements at the base
station to capture diversity signals in the vertical and horizontal polarisations.
Studies have historically assumed the mobile station to be in a xed orientation
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emitting only a principally vertically polarised signal. Such a constraint is unreal-
istic since mobile units are hand held devices and can take arbitrary orientations.
This research demonstrates that both the BPR and correlation coecient for
the traditional polarisation diversity scheme are variable as a function of the
transmitter orientation. Variations of the BPR within the suburban and rural
environments are particularly severe, with values as high as 10 dB and 12 dB
respectively. Despite these large variations, the second order statistics of the po-
larisation channel can be used to calculate an optimum transmitter orientation
opt, at which a power balanced BPR and minimised correlation coecient are
maintained. This method to achieve power balanced diversity branches, how-
ever, is easily inuenced by changes in the transmitter orientation. This research
demonstrates that a small 10 rotation away from opt can increase the BPR
by 2 to 3 dB. The arbitrary and variable nature of the transmitter orientation in
the uplink means this solution for a power balanced BPR is infeasible.
The better method to achieve a power balanced BPR is to rotate the tradi-
tional polarisation diversity receiver and realign the antenna elements at angles
45 relative to the vertical axis. Such an implementation converts an otherwise
large XPD into a power balanced BPR. In fact, the equations show that both
diversity antennas will remain power balanced irrespective of the XPD. Most sig-
nicantly, this implies that the BPR remains power balanced irrespective of the
transmitter orientation, as the transmitter orientation variable  is embedded in
the XPD term. An increase in the XPD due to a variation in  has no inuence
on the BPR.
The principal disadvantage of this symmetric polarisation diversity scheme
is that the achieved power balanced BPR is at the cost of an increased fading
correlation coecient. In a typical uncorrelated polarisation channel, a large XPD
was shown to convert into a large fading correlation coecient. For example, in
the rural environment, a XPD of 12 dB was converted into a BPR of 0 dB, at
the expense of a maximised fading correlation coecient with a value of 0.7767,
above the acceptable threshold of 0.7.
The generalised expression for the fading correlation coecient describes this
trade-o behaviour, and demonstrates the interaction between the polarisation
channel correlation parameter  and power dierence between vertical and hor-
izontal polarisations E [R2x]   E

R2y

. Signicantly, it is the receiver orientation
which determines the how each of these terms contribute to the overall fading
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correlation coecient. In the case of the symmetric polarisation diversity scheme
where  = 45, the fading correlation coecient is entirely inuenced by the
power dierence between the vertical and horizontal polarisations. The implica-
tion of this result is that excessive increases of the fading correlation coecient
can be suppressed if the XPD is controlled.
Chapters 6 and 7 of this thesis demonstrates eective techniques to control
the XPD and optimise the operating conditions for polarisation diversity.
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Chapter 6
Reducing Excess Correlation
With Circular Polarisation
The previous chapter investigated the inuence of variable transmitter and re-
ceiver antenna orientations on the traditional polarisation diversity scheme. Di-
versity parameters were demonstrated to be suboptimal, and highly sensitive to
changes in the antenna orientation at both ends of the communications link. Us-
ing a symmetric receiver antenna geometry with  = 45 successfully achieves
a power balanced BPR irrespective of the transmitter orientation, but is at the
expense of an increased the correlation coecient.
Two factors inuencing the fading correlation coecient are the power dier-
ence between the vertical and horizontal polarisations E [R2x]   E

R2y

, and the
channel correlation parameter . When the receiver antenna orientation is xed
at  = 45, the fading correlation coecient is primarily determined by the power
dierence between the vertical and horizontal polarisations. This means that if
the XPD can be controlled, a power balanced BPR can be achieved without an
excessive increase in the fading correlation coecient.
The primary objective of this chapter is to resolve the problem of an excess
increase in the fading correlation coecient when the receiver antenna orienta-
tion is set to  = 45. The solution proposed in this chapter is to address the
problem from the transmitter side by emitting signals that are less dependent on
the channel for power coupling. A circularly polarised signal is one such example
suitable for this task because the electric eld vector has a constant magnitude
that changes direction in a rotary manner in the plane orthogonal to the direc-
tion of propagation. This means that the power of transmitted signal becomes
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uniformly distributed in all polarisations and facilitates the conditions for power
coupling, potentially reducing the XPD. A further advantage of circular polarisa-
tion is that the generated signals are invariant to the transmitter orientation. The
direction of the electric eld vector is preserved irrespective of the transmitter
orientation or its antenna alignment.
The inspiration of using circularly polarised signals comes from its application
in satellite tracking and communications. Generally, signals can have its polarisa-
tion states changed as it passes through the Earth's ionosphere. This means that
even if antennas on the Earth station were matched with the orientation of the
satellite there is no guarantee that the polarisation of the received signal matches
with the polarisation of the satellite antenna. Circularly polarised signals pro-
vides greater robustness against polarisation shifts as there is a component of the
electric eld in all directions orthogonal to the direction of propagation. Even if
changes in the polarisation states were induced, at least some of the signal will
still be recoverable.
The novelty of this chapter is using circularly polarised signals as a transmitter
orientation invariant method to curtail the XPD and in turn maintain the fading
correlation coecient below the 0.7 threshold required for eective diversity.
6.1 System model and diversity parameters
In relation to the model of the generalised diversity system modelled in Chapter 4,
the transmission of a circularly polarised signal is achieved with the assignment
of A1 = A, A2 = A and  = =2. Both the V1 and V2 antennas are in transmission
and have equal amplitudes, but are out of phase by =2 radians. A circularly
polarised signal is generated because the tip of the resultant electric eld vector
traces out a circle as a function of time.
6.1.1 Mobile uplink
The behaviour of the XPD as a result of using circular polarisation is investigated
in the mobile uplink by assigning an orientation of  = 0 to the base station
receiver. Such setup aligns the R1 and R2 antenna elements along the vertical
and horizontal axes, with a calculated BPR equal to the XPD. This allows the
XPD, being the variable of interest, to be directly observed.
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Figure 6.1: Polarisation diversity using circular polarisation with variable trans-
mitter orientation in the mobile uplink.
The mobile station is acting as the transmitter terminal, and its orientation
 is assumed to be variable. The model of the described mobile uplink with
the mobile terminal congured to transmit in a circularly polarised manner is
illustrated in Fig. 6.1.
The diversity parameters, BPR and fading correlation coecient are calcu-
lated using the generalised expressions of (4.10) and (4.17) as,
BPR = XPD =
E [ 221] + E [ 
2
22]
E [ 211] + E [ 
2
12]
: (6.1)
p =
E [ 211 
2
21]  E [ 211]E [ 221] + E [ 212 222]  E [ 212]E [ 222]
(E [ 221] + E [ 
2
22]) (E [ 
2
12] + E [ 
2
11])
; (6.2)
These expressions demonstrate three important features of transmitting a circu-
larly polarised signal. Firstly, both expressions are independent of the transmitter
orientation  and demonstrates that the transmitter orientation invariant prop-
erty has been retained and achieved from the transmitter side.
Secondly, expression of (6.1) shows that the XPD is dependent entirely on
the second order channel statistics. The corresponding XPD values for each the
urban, suburban and rural environments have been calculated using the relative
power ratios dened in Table 4.1 to be 1.761 dB, 1.627 dB and 0 dB respec-
tively. This shows that even if power coupling between the polarisation channels
is low and promotes for a large XPD in linearly polarisation, circularly polarised
transmission can signicantly reduce the XPD. These calculated XPD values are
summarised in Table 6.1.
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Figure 6.2: Polarisation diversity using circular polarisation with variable receiver
orientation in the mobile downlink.
Urban Suburban Rural
XPD 1.761 dB 1.627 dB 0 dB
Table 6.1: XPD obtained in each environment under circular polarisation
Thirdly, the numerator of the fading correlation coecient demonstrates that
it is entirely dependent upon the covariance between  211 and  
2
21; and  
2
12 and
 222. The review of experimental results in Chapter 2 shows that the polarisation
channel exhibits very low channel correlation, which means these covariance terms
are expected to be small, resulting in a small fading correlation coecient.
6.1.2 Mobile downlink
Transmission using circularly polarised signals have been demonstrated to eec-
tively suppress high levels of the XPD. This would mean that excessive increases
in fading correlation coecient should not occur if receiver antennas were re-
aligned to  = 45 for a power balanced BPR.
Investigation into the behaviour of the BPR and fading correlation coecient
will continue in the mobile downlink, where the diversity parameters are examined
in the presence of a variable receiver orientation. The base station terminal has
been assumed to be transmitting circular polarisation from a xed orientation
at  = 0. This transmitter orientation was chosen to simplify analysis, though
its choice can be completely arbitrary and does not inuence the outcome of
the result. The diagram illustrating the antenna congurations of the mobile
downlink is presented in Fig. 6.2.
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The expression for the BPR as calculated from the generalised BPR expression
(4.10) is
BPR =
(E [ 211] + E [ 
2
12]) tan
2 ( ) + E [ 221] + E [ 
2
22]
E [ 211] + E [ 
2
12] + tan
2 ( ) (E [ 221] + E [ 
2
22])
: (6.3)
Similarly, the correlation coecient as calculated from the generalised corre-
lation coecient expression (4.17), is
p =
tan2 ( )
 
E

R2x
  E R2y2 + 4 tan2 ( )  12rh 
tan2 ( )E

R2x

+ E

R2y
2
+ 4 tan2 ( )
i h 
E

R2x

+ tan2 ( )E

R2y
2
+ 4 tan2 ( )
i ;
(6.4)
with
E

R2y

=A2
 
E

 221

+ E

 222

(6.5)
E

R2x

=A2
 
E

 211

+ E

 212

; (6.6)
 = A4
 
E

 211 
2
21
  E  211E  221+ E  212 222  E  212E  222 : (6.7)
In particular, when the receiver orientation is symmetric about the y axis at
 = 45, the BPR becomes power balanced, with
BPR =
E [ 211] + E [ 
2
12] + E [ 
2
21] + E [ 
2
22]
E [ 211] + E [ 
2
12] + E [ 
2
21] + E [ 
2
22]
(6.8)
=0 dB : (6.9)
This is consistent with the results of the previous chapter, where a power balanced
BPR is achieved irrespective of the XPD.
For the fading correlation coecient, the assignment of  = 45 simplies
(6.4) to
p =
 
E [R2x]  E

R2y
2 
E [R2x] + E

R2y
2
+ 4
: (6.10)
This result is once again consistent with the observations in the last chapter,
where a symmetric receiver antenna conguration with  = 45 causes the fading
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correlation coecient to be primarily inuenced by the power dierence between
the vertical and horizontal polarisations. Values of the XPD in circular polari-
sation previously calculated and summarised in Table 6.1 show a small relative
dierence between the vertical and horizontal polarisations, implying that the
fading correlation coecient will not signicantly inate.
A more signicant observation, however, is that the fading correlation coe-
cient also becomes transmitter orientation invariant. The terms E [R2x], E

R2y

and  as expressed in (6.5), (6.6) and (6.7), are all independent of .
6.2 Results
Computer simulations were performed to validate the theoretical developments
of the diversity parameters when circularly polarised signals are used for trans-
mission. The mobile uplink and downlink scenarios established in the previous
section were simulated separately and follows the procedure established in Chap-
ter 4.
6.2.1 Mobile uplink
In the scenario of the mobile uplink, the primary objective is to examine the
behaviour of the XPD when circularly polarised signals are transmitted. The
deliberate alignment of receiver antennas along the vertical and horizontal axes
with  = 0 means the examined BPR is equivalent to the XPD. The simulation
of the BPR as a function of the transmitter orientation is presented in Fig. 6.3.
This result demonstrates two important features. First, the level of power
imbalance between the vertical and horizontal polarisations have signicantly re-
duced. For example, in the urban environment, circular polarisation yielded a
maximum XPD of 1.761 dB, where as traditional polarisation diversity using lin-
ear polarisation as illustrated in Fig. 5.2 could be as high as 6 dB. The fact
that the urban channel gave higher values of power imbalance than the suburban
and rural channels, despite being the environment that facilitates the best condi-
tions for power coupling suggests that the observed power dierence is the direct
consequence of the asymmetric attenuation between the vertical and horizontal
polarisations.
The second feature of the result is that the XPD remains constant as a function
of the , and therefore conrms the orientation invariant properties from the
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Figure 6.3: BPR simulation for the mobile uplink with circular polarisation as
a function of the transmitter orientation in dierent environments. With  =
0, the BPR is equivalent to the XPD. The constant XPD demonstrates the
orientation invariant properties of circular polarisation.
transmitter side when circularly polarised signals are used.
Simulation results for the fading correlation coecient are presented in Fig.
6.4. As expected, following the examination of equation (6.10) in the previous
section, the fading correlation coecient is also invariant to changes in the trans-
mitter orientation. Comparing the values of the fading correlation coecient here
against the traditional polarisation diversity with linear polarisation in Fig. 5.3,
shows that circularly polarised transmission is generally at an advantage with
signicantly lower values across the majority of orientations. However, linear
polarisation does have slightly lower correlation when  = opt.
6.2.2 Mobile downlink
In the scenario for the mobile downlink, both the BPR and fading correlation
coecient are simulated as a function of the receiver orientation. The behaviour
of both diversity parameters at the receiver orientation of  = 45 is of particular
interest, as the rationale for using circular polarisation was to address the problem
of an excessive increase in fading correlation.
The transmitter orientation was assumed xed at  = 0, however with cir-
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Figure 6.4: Correlation coecient simulation for the mobile uplink with circular
polarisation as a function of the transmitter orientation in dierent environments.
The correlation coecient is also transmitter orientation invariant.
cular polarisation, this assignment can be arbitrary and yields identical results.
Presented in Fig. 6.5 is the simulated BPR as a function of the receiver
orientation. The results illustrated here are consistent with the characteristics
derived from the theoretical treatment in the previous section and demonstrates
branch power balance when the receiver orientation is set to  = 45. The power
balance is guaranteed, irrespective of the environment and its XPD.
A second signicant feature of the BPR is that the values obtained are better
than linear polarisation. In particular, taking the urban environment result, and
comparing this with Fig. 5.4, a potential 6 dB variation in the BPR is reduced
to 1.774 dB.
Results for the correlation coecient simulated as a function of the receiver
orientation within an uncorrelated and correlated polarisation channel have been
presented in Fig. 6.6 and Fig. 6.7 respectively.
Examining rst the results in Fig. 6.6 obtained in the uncorrelated polarisa-
tion channel, it can be seen that a power imbalance is exchanged for a maximised
correlation coecient at  = 45. Importantly the correlation coecient did
not increase too signicantly and remains well below the 0.7 threshold required
for diversity. This was due to the fact that using circular polarisation was able
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Figure 6.5: BPR simulation for the mobile downlink with circular polarisation
as a function of the receiver orientation in dierent environments.
to subdue the XPD and reduce the power imbalance between the vertical and
horizontal polarisations.
In the case of a correlated polarisation channel, Fig. 6.7, the interactions
between the channel correlation parameter  and XPD can be seen. At receiver
orientations close to  = 0 and  = 90, the correlation coecient is primarily
inuenced by . At  = 45, however, it is determined by the XPD. In any case,
the correlation coecient in a correlated polarisation channel also remains well
below the 0.7 threshold required for diversity action.
6.3 Summary
In this chapter, the transmission of a circularly polarised signal was used to resolve
an underlying power imbalance problem causing the fading correlation coecient
to inate beyond acceptable limits. The rationale behind the transmission of a
circularly polarised signal was primarily to encourage coupling between the verti-
cal and horizontal polarisations promoting better conditions for a power balanced
XPD. The secondary objective was to maintain symmetry in the polarisation of
the transmitted signal so that power imbalance problems induced by changes in
transmitter orientation are negated.
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Figure 6.6: Simulation of the correlation coecient in the uncorrelated downlink.
Circular polarisation was transmitted. Simulation is performed as a function of
the receiver orientation in dierent environments.
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Figure 6.7: Simulation of the correlation coecient in the correlated downlink.
Circular polarisation was transmitted. Simulation is performed as a function of
the receiver orientation in dierent environments.
92
6.3 Summary
Using circular polarisation in the mobile uplink ensures that both the BPR
and correlation coecient are invariant to the transmitter orientation. Simulated
results in the urban, suburban and rural environments show that circular polari-
sation outperforms linear polarisation, achieving both lower power imbalance and
reduced correlation coecient. Nevertheless, these diversity parameters with cir-
cular polarisation are still at the mercy of the channel, with the power imbalance
condition being a potential problem.
Power balance can be achieved with the specic alignment of the receiver
orientation to  = 45. Such a procedure previously caused the correlation
coecient in linear polarisation to become maximised and increase beyond the
0.7 threshold for eective diversity. The severity of this problem has been reduced
with circular polarisation but it is not an optimum solution. The requirement of
a xed  = 45 receiver antenna also means that power balance in the downlink
can be dicult to maintain.
In the next chapter, the solution to achieve power balanced polarisation di-
versity branches that also negate orientation eects is presented.
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Chapter 7
Adaptive Elliptical Polarisation
for Polarisation Diversity
Transmitting a circularly polarised signal achieved BPR and correlation coe-
cient values that are transmitter orientation invariant and more suitable for di-
versity than linear polarisation. The performance, however, is at the mercy of the
channel and its depolarisation eects. Despite the improvement, the conditions
for diversity can be further optimised.
The objective of this chapter is to use a combination of specialised antenna
geometries and transmission of channel specic elliptically polarised signals to
simultaneously optimise diversity parameters and achieve orientation invariance.
Two reasons form the rationale of this approach. Firstly, elliptical polarisation
is similar to circular polarisation in the sense that there is a component of the
electric eld in all directions orthogonal to the direction of propagation. This
facilitates power coupling for a power balanced BPR. Secondly, the shape of
the ellipse can be easily modied to create a signal that compensates for power
imbalances induced by the channel. Channel specic elliptically polarised signals
can be generated based on channel statistics to optimise the diversity parameters.
Separate solutions are presented for the uplink and downlink cases, as orien-
tation invariance is required at the transmitter in the uplink, and at the receiver
in the downlink.
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Figure 7.1: Downlink polarisation diversity with elliptical polarisation.
7.1 Downlink
In the mobile downlink, the base station acts as the transmitter unit and has
a xed orientation, while the mobile station acts as the receiver unit, and has
variable orientation. The objective is to derive a suitable channel specic ellip-
tically polarised signal that optimises the diversity parameters and is receiver
orientation invariant.
7.1.1 System model
The system model used to derive the optimal elliptical polarisation for the mo-
bile downlink assumes at the transmitter side, antennas that are aligned along
the positive vertical and horizontal axes. In relation to the generalised polari-
sation diversity model established in Chapter 4, such an antenna conguration
corresponds to a transmitter orientation set to  = 90. The orientation  is
assumed to be variable at the mobile receiver. Fig. 7.1 illustrates a diagram of
this conguration.
Signals emitted from V1 and V2 have amplitudes A1 and A2 respectively, and
their carriers are out of phase by  radians.
The expression of the BPR as calculated from the generalised BPR expression
(4.10) is
BPR =
tan2 ( ) (A21E [ 
2
11] + A
2
2E [ 
2
12]) + A
2
1E [ 
2
21] + A
2
2E [ 
2
22]
A21E [ 
2
11] + A
2
2E [ 
2
12] + tan
2 ( ) (A21E [ 
2
21] + A
2
2E [ 
2
22])
: (7.1)
Similarly, the correlation coecient as calculated from the generalised corre-
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lation coecient expression (4.17) is,
p =
tan2 ( )

E

R2x
  E R2y2 +  tan2 ( )  12rh 
tan2 ( )E

R2x

+ E

R2y
2
+ 4 tan2 ( )
i h 
E

R2x

+ tan2 ( )E

R2y
2
+ 4 tan2 ( )
i ;
(7.2)
with
E

R2y

=A21E

 221

+ A22E

 222

(7.3)
E

R2x

=A21E

 211

+ A22E

 212

; (7.4)
and
 = A41
 
E

 211 
2
21
  E  211E  221+ A42  E  212 222  E  212E  222 :
(7.5)
This particular model is used specically for working out the optimum ellipse
that can optimise the diversity parameters. Note that the assumed geometry of
the transmitter antennas with its alignment against the vertical and horizontal
axes are not ideal. The preferred geometry is for antennas to be aligned at angles
45 with respect to the vertical axis. This is because the base station also must
also operate as a receiver in the mobile uplink, for which the symmetric 45
receiver antenna alignment can guarantee power balanced BPR. It is unrealistic
to have one set of antennas in one orientation to work as in transmitter mode and
then to have another in a dierent orientation to work in receiver mode. A simple
transformation procedure will subsequently be performed to allow a transmitter
antenna aligned at 45 to transmit the same elliptically polarised signal.
7.1.2 Optimising diversity parameters
The objective is to derive the channel specic values of A1, A2 and  to optimise
diversity parameters that are invariant to changes in the receiver orientation.
Starting with the optimisation of the BPR (7.1), ideally, the average branch
power between R1 and R2 is equal, resulting in a BPR of 0 dB. A further condition
for receiver orientation invariance is that the BPR must be maintained at 0 dB
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for all  . Therefore,
BPR =
tan2 ( ) (A21E [ 
2
11] + A
2
2E [ 
2
12]) + A
2
1E [ 
2
21] + A
2
2E [ 
2
22]
A21E [ 
2
11] + A
2
2E [ 
2
12] + tan
2 ( ) (A21E [ 
2
21] + A
2
2E [ 
2
22])
(7.6)
=
tan2 ( )E [R2x] + E

R2y

E [R2x] + tan
2 ( )E

R2y
 (7.7)
=
tan2 ( ) + XPD
1 + XPD tan2 ( )
= 1 ; for every  : (7.8)
) tan2 ( ) + XPD = 1 + XPD tan2 ( ) (7.9)
) (XPD  1)  tan2 ( )  1 = 0 ; for every  : (7.10)
)XPD = 1 : (7.11)
Conversely, when the XPD = 1, the BPR becomes
BPR =
tan ( ) + 1
1 + tan2 ( )
= 1 ; for every  : (7.12)
This demonstrates that a necessary and sucient condition to achieve orientation
invariant branch power balance is to ensure that the XPD = 0 dB.
As for the correlation coecient, in the case of uncorrelated cross polar chan-
nels with  = 0, (7.2) simplies to
p =
tan2 ( )

E [R2x]  E

R2y
2 
tan2 ( )E [R2x] + E

R2y
  
E [R2x] + tan
2 ( )E

R2y
 (7.13)
=
tan2 ( ) (1  XPD)2
(tan2 ( ) + XPD) (1 + tan2 ( )XPD)
: (7.14)
The combined signicance of (7.11) and (7.14) is that optimising for power bal-
anced diversity branches with XPD = 0 dB actually also optimises the correlation
coecient. Furthermore, the resulting correlation coecient will also be invariant
to the receiver orientation.
Optimised polarisation diversity for the mobile downlink is achieved when the
values of A1 and A2 are chosen to satisfy the ratio
XPD = 1 =
E

R2y

E [R2x]
(7.15)
1 =
A21E [ 
2
21] + A
2
2E [ 
2
22]
A21E [ 
2
11] + A
2
2E [ 
2
12]
(7.16)
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) A1
A2
=
s
E [ 222]  E [ 212]
E [ 211]  E [ 221]
: (7.17)
The choice of  between V1 and V2 does not inuence either of the diversity pa-
rameters, since expressions of the BPR and correlation coecient are independent
of . This is an expected outcome as both transmitting antennas were xed along
the x and y axes. For simplicity however, the value of  will be set to =2, and
resulting transmitted elliptical polarisation is"
V1
V2
#
=
"
A1 cos (!t)
A2 sin (!t)
#
(7.18)
A simple transformation procedure to calculate the parameters for an antenna
alignment of 45 to transmit the equivalent elliptically polarised signal is per-
formed with"
sin (45)   cos (45)
cos (45) sin (45)
#"
a1 cos (!t  1)
a2 sin (!t  2)
#
=
"
A1 cos (!t)
A2 sin (!t)
#
: (7.19)
The 45 transmitter antenna alignment is established on the left side of this
equation. Each antenna transmits with amplitudes a1 and a2 has specic phase
1 and 2. The goal is to calculate these parameters so that the elliptically
polarised signal generated on the left side of the equation is identical to the one
on the right side of the equation.
1p
2
"
1  1
1 1
#"
a1 cos (!t  1)
a2 sin (!t  2)
#
=
"
A1 cos (!t)
A2 sin (!t)
#
(7.20)
"
a1 cos (!t  1)
a2 sin (!t  2)
#
=
p
2
2
"
1 1
 1 1
#"
A1 cos (!t)
A2 sin (!t)
#
(7.21)
"
a1 cos (!t) cos (1) + a1 sin (!t) sin (1)
a2 sin (!t) cos (2)  a2 cos (!t) sin (2)
#
=
p
2
2
"
A1 cos (!t) + A2 sin (!t)
 A1 cos (!t) + A2 sin (!t)
#
(7.22)
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Equating the inphase and quadrature components yields the following
a1 cos (1) =
p
2
2
 A1 (7.23)
a1 sin (1) =
p
2
2
 A2 (7.24)
a2 cos (1) =
p
2
2
 A2 (7.25)
a2 sin (1) =
p
2
2
 A1 ; (7.26)
to which the solutions are calculated as
a1 = a2 =
r
A21 + A
2
2
2
(7.27)
1 = arctan

A2
A1

(7.28)
2 = arctan

A1
A2

: (7.29)
These operating parameters allows the transmitter antenna aligned at 45 to
transmit the identical diversity optimised elliptically polarised signal.
7.1.3 Downlink results
The elliptically polarised signals for optimised diversity performance have been
calculated and summarised in Table 7.1. The operating parameters were cal-
culated using the channel denitions previously established in Chapter 4. The
procedure to calculate these values follow the developments of the previous section
and begins with the calculation of A1 and A2, with the assumption of transmit-
ter antennas aligned long the vertical and horizontal axes. The phase dierence
between V1 and V2 was then set to  = =2. These values were then subsequently
used to calculate the parameters a1, a2, 1 and 2 for a transmitter antenna
geometry of 45. The calculated values have been summarised in Table 7.1.
The simulated BPR as a function of the receiver orientation in the urban,
suburban and rural environments are presented in Fig. 7.2, Fig. 7.3 and Fig. 7.4
respectively. In each gure, previous results obtained with linear and circular po-
larisations have been included for comparison. The gures shows that the BPR
of the channel specic elliptically polarised signal optimised for diversity perfor-
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A1
A2
A1 A2  a1 and a2 1 2
Urban 1.4142 0.8165 0.5774 =2 0.7071 0.6155 0.9553
Suburban 1.2589 0.7830 0.6220 =2 0.7071 0.6713 0.8995
Rural 1 0.7071 0.7071 =2 0.7071 0.7854 0.7854
Table 7.1: Operating parameters of elliptical polarisation
mance is power balanced across all receiver orientations. A comparison against
the performance for circularly and linearly polarised signals shows a signicant
improvement.
Interestingly, Fig. 7.4 shows that the performance of both the circularly and
optimised elliptically polarised signals result in the same optimum BPR. On closer
examination of the operating parameters in 7.1, the operational parameters of the
ellipse areA1 = 0:7071 = A2 = 0:7071, and  = =2 or a1 = a2 = 0:7071, and 1 =
2 = 0:7854 which are equivalently circularly polarised signals. This demonstrates
that circularly polarised signals are a special case of elliptical polarisation and
that the optimisation procedure converges to the same optimum result.
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Figure 7.2: BPR of the linear, circular and elliptical polarisations in the urban
downlink. The BPR is simulated as a function of the receiver orientation.
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Figure 7.4: BPR of the linear, circular and elliptical polarisations in the rural
downlink The BPR is simulated as a function of the receiver orientation.
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Figure 7.3: BPR of the linear, circular and elliptical polarisations in the suburban
downlink The BPR is simulated as a function of the receiver orientation.
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Simulations of the correlation coecient as a function of the receiver orienta-
tion have also been performed for the urban, suburban and rural channel envi-
ronments. Both correlated and uncorrelated polarisation channels are examined
for each environment.
For uncorrelated polarisation channels, the simulated fading correlation co-
ecient as a function of the receiver orientation in the urban, suburban and
rural environments are presented in Fig. 7.5, Fig. 7.6 and Fig. 7.7 respectively.
Results obtained previously for linear and circular polarisation have also been
included for comparison. In can be seen across all three gures that the channel
specic elliptical polarisation is invariant to the receiver orientation and remains
uncorrelated across all orientations. The improvements gained over traditional
polarisation diversity techniques are most noticeable in the suburban and ru-
ral environments, where the correlation coecient was reduced from 0.6694 and
0.7767 to 0.
Also of signicance is that the use of circular polarisation is already optimum
the rural environment Fig. 7.7. This is an expected result since the operational
parameters for elliptical polarisation optimised to the circularly polarised signal.
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Figure 7.5: Simulation of the correlation coecient in an uncorrelated urban
downlink. The simulation is performed as a function of the receiver orientation.
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Figure 7.6: Simulation of the correlation coecient in an uncorrelated suburban
downlink. The simulation is performed as a function of the receiver orientation.
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Figure 7.7: Simulation of the correlation coecient in an uncorrelated rural down-
link. The simulation is performed as a function of the receiver orientation.
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Figure 7.8: Simulation of the correlation coecient in a correlated urban down-
link. The simulated is performed as a function of the receiver orientation.
For correlated channels, the simulated fading correlation coecient results are
presented in Fig. 7.8, Fig. 7.9 and Fig. 7.10 respectively. In this case, the corre-
lation coecient is no longer receiver orientation invariant. This is an expected
outcome since the channel correlation between the cross polar links  could not
be directly controlled. Nevertheless using the channel specic elliptical polarisa-
tion maintains a power balanced XPD, which means the fading correlation now
becomes primarily a result of the channel. This implies that a fading correlation
of zero is guaranteed at the receiver orientation of  = 45, since the eect of
 is eliminated at this orientation. This feature can be observed across all three
gures. Even though the correlation coecient could not be kept receiver orien-
tation invariant in the case of correlated channels, the results obtained are still a
signicant improvement over the traditional linear polarisation based techniques.
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Figure 7.9: Simulation of the correlation coecient in a correlated suburban
downlink. The simulated is performed as a function of the receiver orientation.
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Figure 7.10: Simulation of the correlation coecient in a correlated rural down-
link. The simulated is performed as a function of the receiver orientation.
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Figure 7.11: Uplink polarisation diversity with elliptical polarisation.
7.2 Uplink
In the mobile uplink, the base station acts as the receiver and has a xed orienta-
tion, while the mobile station acts as the transmitter, and has variable orientation.
The objective is therefore to derive the parameters for an elliptically polarised
signal optimised for transmitter orientation invariance.
7.2.1 System model
The mobile transmitter orientation,  is an assumed variable, and the mobile is
allowed to rotate within the xy plane. An elliptically polarised signal is transmit-
ted with antennas V1 and V2. At the base station, the orientation of the receiver
antennas are assumed to be xed at  = 45. Fig. 7.11 illustrates this antenna
conguration.
The rationale behind using this antenna conguration was that an antenna
geometry with  = 45 guarantees power balance properties. The consequence
of an increased correlation coecient due to a large power dierence between
the vertical and horizontal polarisations or XPD need to be considered to be a
disadvantage. This is because when  = 45, the value of the fading correlation
coecient (4.17) is primarily inuenced by this power dierence. Importantly,
the XPD can be controlled with an elliptically polarised signal, where as the
channel correlation parameter  is not easily controlled for  6= 45.
Equation (4.17) shows that the fading correlation coecient is optimum at 0
when the XPD to 0 dB. The primary objective therefore to derive the values of A1,
A2, and  to achieve a power balanced XPD for any given channel. The challenge,
however, is that the XPD is transmitter orientation specic, which means there
107
CHAPTER 7. Adaptive Elliptical Polarisation for Polarisation
Diversity
is no single set of operating parameters that can achieve XPD = 0 dB for all
transmitter orientations.
Nevertheless, if the condition for orientation invariance is relaxed slightly, it is
possible to achieve a 0 dB XPD that is robust to small changes in the transmitter
orientation. This is demonstrated in the following section.
7.2.2 Optimum parameters
Deriving the values of A1, A2, and  begins with the generalised expression of the
XPD,
XPD =
E

R2y

E [R2x]
=
KdE [ 
2
21] +KsE [ 
2
22]
KdE [ 211] +KsE [ 
2
12]
; (7.30)
where
Kd = A
2
1 sin () + A
2
2 cos
2 ()  2A1A2 sin () cos () cos () (7.31)
Ks = A
2
1 cos () + A
2
2 sin
2 () + 2A1A2 sin () cos () cos () : (7.32)
The optimisation procedure must achieve two conditions. Firstly, the value
of the XPD=0 dB at a given operating transmitter orientation , such that,
XPD =
E

R2y

E [R2x]
= 1 ; (7.33)
and secondly, the gradient of XPD with respect to  must zero for the dened 
dXPD
d
= 0 : (7.34)
These two conditions are used to form two equations, which are used to derive a
solution for  and the ratio between the antenna amplitudes T = A1=A2. A third
constraint is then introduced to specify the total transmitted power to nally
obtain values for A1 and A2.
The rst equation is obtained through the rst condition. The XPD is set to
equal 1 and the resulting expression rearranged to obtain cos () as the subject.
XPD =
KdE [ 
2
21] +KsE [ 
2
22]
KdE [ 211] +KsE [ 
2
12]
= 1 (7.35)
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) KdE

 221

+KsE

 222

= KdE

 211

+KsE

 212

(7.36)
) E

 222
  E  212
E [ 211]  E [ 221]
=
Ks
Kd
=
A21 cos () +A
2
2 sin
2 () + 2A1A2 sin () cos () cos ()
A21 sin () +A
2
2 cos
2 ()  2A1A2 sin () cos () cos () (7.37)
Rearranging this expression for cos () yields
cos () =
sin2 () (T 2  G) + cos2 () (1  T 2G)
2T sin () cos () (G+ 1)
; (7.38)
for  6= n
2
where n is integer, and where
G =
E [ 222]  E [ 212]
E [ 211]  E [ 221]
: (7.39)
To obtain the second equation, the gradient of the XPD is taken with respect
to  and equated to zero. The aim is once again to obtain an equation with
cos () as the subject.
dXPD
d
=
E [R2x]  dd

E

R2y
	  E R2y  dd fE [R2x]g
E2 [R2x]
= 0 (7.40)
)E R2x  dd E R2y	  E R2y  dd E R2x	 = 0 (7.41)
)E R2x  dd E R2y	 = E R2y  dd E R2x	 (7.42)
)  KdE  211+KsE  212  K 0dE  221+K 0sE  222
=
 
KdE

 221

+KsE

 222
  
K 0dE

 211

+K 0sE

 212

(7.43)
) KdK 0sE

 222

E

 211

+K 0dKsE

 212

E

 221

= KdK
0
sE

 212

E

 221

+K 0dKsE

 222

E

 211

(7.44)
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)K 0dKs  K 0sKd = 0 : (7.45)
Where K 0d and K
0
s are the rst derivatives of Kd and Ks with respect to , and
are calculated as,
K 0d = 2A
2
1 sin () cos ()  2A22 sin () cos ()  2A1A2 cos ()
 
cos2 ()  sin2 () (7.46)
K 0s =  2A21 sin () cos () + 2A22 sin () cos () + 2A1A2 cos ()
 
cos2 ()  sin2 ()
=  K 0d : (7.47)
Substituting (7.47) into (7.45) and factorising, the expression simplies to
 K 0s (Ks +Kd) = 0 ; (7.48)
which means that either Ks +Kd = 0, or  K 0s = 0.
However, Ks +Kd = A
2
1 + A
2
2 6= 0, which means,
K 0s = 0 (7.49)
)  2A21 sin () cos () + 2A22 sin () cos () + 2A1A2 cos ()
 
cos2 ()  sin2 () = 0 (7.50)
)T 2 sin () cos ()  sin () cos ()  T cos () cos (2) = 0 (7.51)
Expressing (7.51) with cos () as the subject yields,
cos () =
sin () cos () (T 2   1)
T cos (2)
; (7.52)
for  6= 
4
+ 2n,3
4
+ 2n where n is integer.
Finally, the expression for T is obtained with the combination of (7.38) and
(7.52),
T =
s
G sin2 () + cos2 ()
sin2 () +G cos2 ()
: (7.53)
In summary, the procedure to compute the optimal transmission parameters
is to rst obtain knowledge on the transmitter orientation  and the second
order channel statistics for calculating G. The ratio of A1 to A2 is then obtained
through T in (7.53). Then, the phase oset  is calculated from either (7.38) or
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(7.52), depending on the value of . Finally, the values of A1 and A2 are obtained
after setting a constraint on the total transmit power. The parameters need to be
recalculated following changes in the channel statistics or transmitter orientation.
An example of the ideal operating parameters for mobile transmitters ori-
entated at 20, 40 and 60 assuming an urban environment are calculated and
summarised in Table 7.2. Diversity performance using these operating parameters
will be examined in the following results section.
 20 40 60
T 0.7702 0.9437 1.1832
A1 0.6102 0.6863 0.7638
A2 0.7923 0.7273 0.6455
 1.7943 1.9059 1.8679
Table 7.2: Operating parameters for a mobile transmitter in an urban environ-
ment orientated at angles 20, 40 and 60.
7.2.3 Uplink results
In the mobile uplink, when the receiver orientation is set to  = 45, power
balanced is guaranteed, however the correlation coecient becomes primarily
aected by the XPD. The objective in the uplink was to optimise the transmission
parameters to achieve an orientation invariant XPD equal to 0 dB at a given
transmitter orientation and a given set of channel statistics.
For an urban environment with the transmitter orientations at 20, 40 and
60, the operation parameters A1, A2 and  have been calculated and summarised
in Table 7.2. Simulation results of the XPD for each of these three systems as a
function of the transmitter orientation in the urban environment are illustrated
in Fig. 7.12. At the respective transmitter orientations, the XPD is optimally
power balanced and also resides at a local minimum. This means that changes in
the transmitter orientation will not induce large changes in the XPD. For example
the XPD does not increase by more than 0.12 dB following a 10 deviation from
the operating orientation.
Simulations for the fading correlation coecient as a function of the transmit-
ter orientation in uncorrelated and correlated channels are presented in Fig. 7.13
and Fig. 7.14 respectively. Once again, the operating parameters, optimised for
111
CHAPTER 7. Adaptive Elliptical Polarisation for Polarisation
Diversity
0 10 20 30 40 50 60 70 80 90
−0.5
0
0.5
1
1.5
2
2.5
3
Transmitter Orientation α (degrees)
XP
D
 (d
B)
A1=0.6863, A2=0.7273, θ=1.9059
A1= 0.7638, A2=0.6455, θ=1.8679
A1=0.6102, A2=0.7923, θ=1.7943
Figure 7.12: Uplink simulation of the XPD as a function of the transmitter orien-
tation in an urban environment. The three systems plotted have their parameters
optimised at transmitter orientations of 20, 40 and 60.
transmitter orientations 20, 40 and 60 as summarised in Table 7.2 were used
for the simulation. With the fading correlation coecient being chiey aected
by the XPD when the receiver orientation is xed to  = 45, and coupled with
the demonstration in Fig. 7.12 that the XPD was power balanced and robust
to changes in the transmitter orientation means the fading correlation coecient
should also be optimum and robust to orientation. This reasoning is substanti-
ated by the simulations for both types of channels, demonstrating the ideal and
robust nature of the fading correlation coecient when channel specic elliptically
polarised signals optimised for diversity are used.
There appears to be little dierence between the simulated results of the
correlated and uncorrelated channels, with correlated channels yielding a slightly
lower result. This is to be expected since the channel correlation parameter 
has little inuence over the correlation coecient at  = 45. The reason for this
is that  resides in the denominator of (7.2), and therefore slightly reduces the
fading correlation coecient in correlated channels, where  6= 0.
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Figure 7.13: Uplink simulation of the correlation coecient as a function of the
transmitter orientation in an uncorrelated urban environment. The three systems
plotted have their parameters optimised at transmitter orientations of 20, 40
and 60.
7.3 Summary
In this chapter, elliptically polarised signals have been used to not only optimise
diversity parameters, but also rotation invariance. Solutions that are specic for
the uplink and downlink have each been presented.
For the downlink, the objective is to achieve orientation invariance at the
receiver unit. An XPD equal to 0 dB was demonstrated to be a necessary but
sucient condition for which to guarantee a power balanced BPR irrespective of
the transmitter orientation.
The procedure to obtain the required transmission parameters for the ellipti-
cally polarised signal begins with the assumption of transmitter antennas aligned
along the vertical and horizontal axes. This simplies the procedure to nd the
required elliptical polarisation that optimises the diversity parameters. A simple
transformation procedure is then performed to obtain the suitable transmission
parameters for antennas that are aligned at angles 45 with respect to the ver-
tical axis.
Rotation invariance for the fading correlation coecient was achievable for the
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Figure 7.14: Uplink simulation of the correlation coecient as a function of the
transmitter orientation in a correlated urban environment. The three systems
plotted have their parameters optimised at transmitter orientations of 20, 40
and 60.
uncorrelated channel, but not the correlated channel. This was due to the fact
that the channel correlation coecient  could not be easily controlled. Despite
this, values of the fading correlation coecient were shown to be very low, and
outperforms polarisation diversity systems that transmit circularly and linearly
polarised signals.
For the mobile uplink, the objective is to achieve orientation invariance at the
transmitter unit. The base station receiver orientation is set to  = 45, so that
a power balanced BPR can be guaranteed. A second but more signicant reason
for such assignment is that the fading correlation coecient becomes primarily
inuenced by the XPD, which can be easily controlled. This therefore allows the
fading correlation coecient to be controlled and optimised.
The transmitter parameters to generate the required elliptically polarised sig-
nal are calculated using second order statistics of the polarisation channel and
the current transmitter antenna orientation. The resulting fading correlation co-
ecient is not strictly orientation invariant, but has been designed to be robust
to moderate changes in the transmitter orientation.
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7.3 Summary
The most signicant disadvantage of using elliptical polarisation for diversity
is that it requires the estimation of the second order channel statistics. Param-
eters need to be updated periodically to account for changes in the channel.
Specic to the uplink, an estimation for the transmitter orientation is also re-
quired.
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Chapter 8
Conclusion and future research
Multipath fading adversely eects mobile communication because erratic vari-
ations in signal intensity across short distances degrades communication qual-
ity and interferes with signal detection. Diversity techniques counteract fad-
ing by combining multiple signals aected by independent channel conditions to
minimise the occurrence and duration of signal nulls. A reduction in fading is
achieved because the probability of a deep fade occurring simultaneously across
all branches is signicantly less than a fade experienced by any individual branch.
Signal diversity can be achieved in the time, frequency and spatial domains.
Spatial domain techniques uses multiple independent antenna elements to cap-
ture diversity signals, and are popular because diversity signals can be captured
without the need for additional allocations of spectra. However, the physical di-
mensions required by some types of space diversity are infeasible for terrestrial
mobile communications.
Polarisation diversity is a subset of spatial diversity which allows for very
compact antenna proles. This kind of diversity exploits signals residing across
orthogonal polarisations for diversity purposes which means antenna elements
can be mounted in close proximity.
Ideally, diversity requires that two or more independently captured signals
have low fading correlation and equal average branch powers. Diversity perfor-
mance becomes severely limited when the fading correlation coecient exceeds
0.7 or exhibits an average branch power imbalance in excess of 6 dB. Traditional
implementations of polarisation diversity can capture diversity signals with very
low fading correlation, but generally exhibit signicant levels of average power
imbalance. The level of imbalance often exceeds this threshold, especially in the
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suburban and rural environments. Because of this, polarisation diversity is gen-
erally avoided in favour of spatial diversity, and only used if absolutely necessary.
The function of polarisation diversity was also found to be sensitive to an-
tenna orientation both at the transmitter and receiver side. Acceptable diversity
parameters achieved for a particular antenna geometry does not automatically
imply that they will remain this way for another orientation. This introduces a
further challenge for terrestrial mobile communications since cellular phones are
hand held devices and can assume arbitrary and variable orientations.
The implications of the power imbalance problem was explored in Chapter
3, where polarisation diversity was combined with the MC-CDMA scheme. The
ndings of this research challenged the acceptable bounds for diversity parame-
ters and demonstrated that performance improvements were only possible if the
average power imbalance was less than 3 dB. The presence of diversity with higher
levels of power imbalance was observed to have an adverse eect on system per-
formance. Results demonstrate that it is better to have no diversity, rather than
one that performs poorly. This highlights the importance for the proper deploy-
ment of diversity systems to capture signals that have low fading correlation and
equal average branch powers.
In making polarisation diversity a more successful antenna diversity tech-
nique, this research developed a generalised polarisation model that accounts for
the transmitter orientation, the receiver orientation, and also the possibility of
correlated polarisation channels. This is presented in Chapter 4, and also derives
the generalised expressions for the branch power ratio and the fading correlation
coecient. This development allowed a more detailed insight into the factors
contributing to the large power imbalance and its interactions with the fading
correlation coecient.
The traditional implementation of polarisation diversity with diversity anten-
nas at the receiver aligned along the vertical and horizontal axes was revisited in
Chapter 5 to complete a thorough treatment on the eects of antenna orientations.
Both the uplink and downlink scenarios were examined using the mathematical
model developed in Chapter 4. The variation of the diversity parameters as a
function of both the transmitter and receiver orientations were simulated. The
variation of the BPR was observed to be particularly severe in the suburban and
rural environments.
For the mobile uplink, average branch power balance could be achieved by
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aligning the transmitter antenna to a calculated optimum orientation. However,
the power balance is easily disturbed following small changes in the transmitter
orientation. Since it is unrealistic to expect a mobile transmitter to remain in a
xed orientation, this mode of polarisation diversity is not suitable for the uplink.
Addressing the large power imbalance from the receiver end of the mobile
downlink can be achieved with the use of an antenna geometry that is symmetric
at 45 relative to the vertical axis. However, the balanced average branch power
is achieved at the expense of an increased correlation coecient. A large power
imbalance between the vertical and horizontal polarisations converts to a high
fading correlation coecient that often exceeds the 0.7 threshold required for
eective diversity.
Excessive increases in the fading correlation were identied to be caused by a
large XPD. Chapter 6 explores the use of circularly polarised signals to reduce the
XPD. The rationale behind using circular polarisation is that there is component
of the electric eld in every direction in the plane orthogonal to the direction of
propagation. This encourages power coupling between the vertical and horizon-
tal polarisations and therefore promotes the conditions for a lower XPD. Using
circular polarisation for polarisation diversity is a signicant improvement over
traditional linear polarisation based diversity techniques. Nevertheless, the re-
sults obtained for the branch power ratio and the correlation coecient indicate
that performance is dictated by the channel, and therefore generally suboptimal.
Optimising polarisation diversity to achieve diversity branches that exhibit
power balance, zero fading correlation and simultaneously negates the eects of
antenna rotation is presented in Chapter 7. The solution is to use a combination of
specialised antenna geometries and channel specic elliptically polarised signals.
Since the requirements for rotation invariance in the uplink and downlink are
dierent, independent solutions have been presented.
In the mobile downlink, orientation invariance is required at the mobile re-
ceiver. A necessary but sucient condition to guarantee a power balanced BPR
irrespective of the receiver orientation was to achieve and maintain XPD = 0 dB.
The procedure to calculate the required operating parameters for the elliptical
polarisation begins with the derivation of the required elliptically polarised signal
that achieves a 0 dB XPD with transmitter antennas aligned along the vertical
and horizontal axes. A simple transformation is then applied to obtain the op-
erating parameters for transmitter antennas aligned at angles 45 with respect
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to the vertical axis.
For the mobile uplink, rotation invariance is required at the mobile trans-
mitter. In this scenario, the base station receiver must assume an orientation
of  = 45. This not only guarantees a power balanced BPR, but more im-
portantly, allows the fading correlation coecient to be controlled via the XPD.
The transmission parameters for the elliptically polarised signal are calculated
using the second order polarisation channel statistics and the current transmitter
orientation to satisfy an XPD of 0 dB and a stationary gradient with respect to
the transmitter orientation. This scheme, though optimum, is not strictly rota-
tion invariant. Diversity parameters, however, are robust to moderate changes in
transmitter orientation.
Using the channel specic elliptically polarised signals provides the optimum
conditions for polarisation diversity to counteract fading, and are signicant im-
provements over traditional polarisation diversity techniques using linearly and
circularly polarised signals. The outcomes of this research enhances the perfor-
mance of polarisation diversity and promotes greater reliability in mobile com-
munications.
8.0.1 Future research
Calculating the suitable transmission parameters for the channel specic ellipti-
cally polarised signals requires the knowledge of the second order statistics of the
polarisation channel. The fact that this knowledge is required at the transmitter
side introduces further challenges. While the availability of the channel statistics
is not as time critical as the instantaneous channel state information, accurate
knowledge is still required to ensure optimum diversity performance.
While the research conducted by this thesis have demonstrated an optimised
performance when perfect knowledge of the polarisation channel statistics are
available, eects of incorrect channel estimations have not been investigated.
Analysing how the diversity parameters will behave in the presence of noisy chan-
nel statistics therefore constitutes the next logical step for future research.
Also of particular interest is to determine exactly how often the operating
parameters of the ellipse need to be recalculated. Since it is the second order
channel statistics that are required, and not the instantaneous channel state in-
formation, the update frequency need not occur as frequently as the coherence
time. Perhaps a more suitable time frame would be in the order of 30 to 120
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wavelengths to allow the second order statistics to be properly observed. For a
mobile station operating at 1.2GHz travelling at 60km/hr, this translates into a
time frame of 450ms to 1.8s respectively.
A recalculation of the ellipse parameters, however, should denitely occur if
the mobile unit detects a signicant antenna rotation.
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Appendix A
Power Correlation Coecient for
the Generalised Polarisation
Diversity Model
This appendix presents the derivation of the correlation coecient for the gener-
alised polarisation diversity system described in Chapter 4.
The expression for the power correlation coecient between antenna branches
R1 and R2 is dened as the covariance of R
2
1 and R
2
2, normalised by the product
of their respective standard deviations,
p =
E [R21R
2
2]  E [R21]E [R22]p
(E [R41]  E2 [R21]) (E [R42]  E2 [R22])
: (A.1)
The objective is to calculate the required moments and joint moments of R1 and
R2, and then substitute them back into (A.1).
First the expressions for R1 and R2 must be obtained. Mathematically, they
are evaluated through the multiplication of the receiver rotation matrix, the chan-
nel matrix, the transmitter rotation matrix and the transmit signal vector. This
model has been presented in Chapter 4.
24R1
R2
35 =
24 sin ( ) cos ( )
  cos ( ) sin ( )
3524 11ej11  12ej12
 21e
j21  22e
j22
3524sin ()   cos ()
cos () sin ()
3524 A1ej!t
A2e
j(!t )
35 :
(A.2)
The received signal vector [R1R2]
T can alternatively be expressed in terms of the
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Rx and Ry which are the signals residing in the vertical and horizontal polarisa-
tions, respectively, after the channel,"
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R22 = R2 R2
= [ Rx cos ( ) +Ry sin ( )]
 Rx cos ( ) +Ry sin ( )
= R2x cos
2 ( ) +R2y sin
2 ( )  sin ( ) cos ( )  RxRy +RxRy (A.7)
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The moments E [R2x], E [Ry] and E

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
y +R

xRy

are required.
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  4 321 22 sin (21   22)KBKd + 4 21 322 cos (21   22)KAKs
  4 21 322 sin (21   22)KBKs + 4 221 222 cos2 (21   22)K2A
  8 221 222 sin (21   22) cos (21   22)KAKB
+ 4 221 
2
22 sin
2 (21   22)K2B (A.39)
E

R4y

= E

 421

K2d + E

 422

K2s + 2E

 221

E

 222

KdKs
+ 2E

 221

E

 222

K2A + 2E

 221

E

 222

K2B (A.40)
= 2E2

 221

K2d + 2E
2

 222

K2s + 4E

 221

E

 222

KdKs
  2E  221E  222KdKs + 2E  221E  222K2A + 2E  221E  222K2B
(A.41)
E

R4y

= 2E2

R2y

+ 2E

 221

E

 222
  
K2A +K
2
B  KdKs

(A.42)
Simplication of K2A +K
2
B  KdKs
K2A =
 
A21 sin () cos ()  A22 sin () cos ()
+A1A2 sin
2 () cos ()  A1A2 cos2 () cos ()
!2
(A.43)
K2A = A
4
1 sin
2 () cos2 () + A42 sin
2 () cos2 ()
+ A21A
2
2 sin
4 () cos2 () + A21A
2
2 cos
4 () cos2 ()
  2A21A22 sin2 () cos2 ()
+ 2A31A2 sin
3 () cos () cos ()  2A31A2 sin () cos3 () cos ()
  2A1A32 sin3 () cos () cos () + 2A1A32 sin () cos3 () cos ()
  2A21A22 sin2 () cos2 () cos2 () (A.44)
K2B = A
2
1A
2
2 sin
2 () (A.45)
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KdKs =
 
A21 sin
2 () + A22 cos
2 ()  2A1A2 sin () cos () cos ()

  A21 cos2 () + A22 sin2 () + 2A1A2 sin () cos () cos () (A.46)
= A41 sin
2 () cos2 () + A21A
2
2 sin
4 () + 2A31A2 sin
3 () cos () cos ()
+ A21A
2
2 cos
4 () + A42 sin
2 () cos2 () + 2A1A
3
2 sin () cos
3 () cos ()
  2A31A2 sin () cos3 () cos ()  2A1A32 sin3 () cos () cos ()
  4A21A22 sin2 () cos2 () cos2 () (A.47)
K2A +K
2
B  KdKs
= A21A
2
2 sin
4 () cos2 () + A21A
2
2 cos
4 () cos2 ()
+ 2A21A
2
2 sin
2 () cos2 () cos2 ()
  A21A22 sin4 ()  A21A22 cos4 ()  2A21A22 sin2 () cos2 ()
+ A21A
2
2 sin
2 () (A.48)
= A21A
2
2 cos
2 ()
 
sin2 () + cos2 ()
2
+ A21A
2
2 sin
2 ()
  A21A22
 
sin2 () + cos2 ()
2
(A.49)
= A21A
2
2   A21A22 (A.50)
K2A +K
2
B  KdKs = 0 (A.51)
conversely,
K2A +K
2
B = KdKs (A.52)
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A.2.3 Moment E

R2xR
2
y

R2xR
2
y =
 
 211Kd +  
2
12Ks + 2 11 12 cos (11   12)KA
 2 11 12 sin (11   12)KB
!

 
 221Kd +  
2
22Ks + 2 21 22 cos (21   22)KA
 2 21 22 sin (21   22)KB
!
(A.53)
R2xR
2
y =  
2
11 
2
21K
2
d +  
2
11 
2
22KdKs +  
2
12 
2
21KdKs +  
2
12 
2
22K
2
s
+ 2 211 21 22 cos (21   22)KAKd   2 211 21 22 sin (21   22)KBKd
+ 2 212 21 22 cos (21   22)KAKs   2 212 21 22 sin (21   22)KBKs
+ 2 221 11 12 cos (11   12)KAKd + 2 222 11 12 cos (11   12)KAKs
+ 4 11 12 21 22 cos (11   12) cos (21   22)K2A
  4 11 12 21 22 cos (11   12) sin (21   22)KAKB
  2 221 11 12 sin (11   12)KBKd   2 222 11 12 sin (11   12)KBKs
  4 11 12 21 22 sin (11   12) cos (21   22)KAKB
+ 4 11 12 21 22 sin (11   12) sin (21   22)K2B (A.54)
E

R2xR
2
y

= K2dE

 211 
2
21

+KdKsE

 211

E

 222

+KdKsE

 212

E

 221

+K2sE

 212 
2
22

(A.55)
A.2.4 Moment E

R2x
 
RxR

y +R

xRy

R2x
 
RxR

y +R

xRy

= 
 211Kd +  
2
12Ks + 2 11 12 cos (11   12)KA   2 11 12 sin (11   12)KB

 ( 11 21 cos (11   21)Kd +  12 22 cos (12   22)Ks
+  11 22 cos (11   22)KA +  12 21 cos (12   21)KA
  11 22 sin (11   22)KB +  12 21 sin (12   21)KB) (A.56)
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2
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E

R2x
 
RxR

y +R

xRy

= 0 (A.57)
A.2.5 Moment E

R2y
 
RxR

y +R

xRy

R2y
 
RxR

y +R

xRy

= 
 221Kd +  
2
22Ks + 2 21 22 cos (21   22)KA   2 21 22 sin (21   22)KB

 ( 11 21 cos (11   21)Kd +  12 22 cos (12   22)Ks
+  11 22 cos (11   22)KA +  12 21 cos (12   21)KA
  11 22 sin (11   22)KB +  12 21 sin (12   21)KB) (A.58)
E

R2y
 
RxR

y +R

xRy

= 0 (A.59)
A.2.6 Moment E
h 
RxR

y +R

xRy
2i
 
RxR

y +R

xRy
2
=
 
R

2RxR

y
	2
= 4
 
R

RxR

y
	2
(A.60)
 
R

RxR

y
	2
= ( 11 21 cos (11   21)Kd +  12 22 cos (12   22)Ks
+  11 22 cos (11   22)KA +  12 21 cos (12   21)KA
  11 22 sin (11   22)KB +  12 21 sin (12   21)KB)2
(A.61)
E
h 
RxR

y +R

xRy
2i
= 4E
h 
R

RxR

y
	2i
= 4E

 211 
2
21

E

cos2 (11   21)

K2d + 4E

 212 
2
22

E

cos2 (12   22)

K2s
+ 4E

 211

E

 222

E

cos2 (11   22)

K2A
+ 4E

 212

E

 221

E

cos2 (12   21)

K2A
+ 4E

 211

E

 222

E

sin2 (11   22)

K2B
+ 4E

 212

E

 221

E

sin2 (12   21)

K2B (A.62)
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E
h 
RxR

y +R

xRy
2i
= 2E

 211 
2
21

K2d + 2E

 212 
2
22

K2s
+ 2
 
K2A +K
2
B
  
E

 211

E

 222

+ E

 212

E

 221

(A.63)
= 2E

 211 
2
21

K2d + 2E

 212 
2
22

K2s
+ 2 (KdKs)
 
E

 211

E

 222

+ E

 212

E

 221

(A.64)
A.3 Simplication of E [R1R2]  E [R1]E [R2]
E [R1R2]  E [R1]E [R2]
= sin2 ( ) cos2 ( )E

R4x

+ sin4 ( )E

R2xR
2
y

+ cos4 ( )E

R2xR
2
y

+ sin2 ( ) cos2 ( )E

R4y
  sin2 ( ) cos2 ( )E h RxRy +RxRy2i
  sin2 ( ) cos2 ( )E2 R2x  sin4 ( )E R2xE R2y
  cos4 ( )E R2xE R2y  sin2 ( ) cos2 ( )E2 R2y (A.65)
=
1
cos4 ( )
 
tan2 ( )E

R4x

+ tan4 ( )E

R2xR
2
y

+ E

R2xR
2
y

+ tan2 ( )E

R4y

  tan2 ( )E
h 
RxR

y +R

xRy
2i  tan2 ( )E2 R2x
  tan4 ( )E R2xE R2y  E R2xE R2y  tan2 ( )E2 R2y
(A.66)
=
1
cos4 ( )
 
2 tan2 ( )E2

R2x

+ 2 tan2 ( )E2

R2y
  tan2 ( )E2 R2x
  tan2 ( )E2 R2y+ tan4 ( )K2dE  211 221
+ tan4 ( )KdKsE

 211

E

 222

+ tan4 ( )KdKsE

 212

E

 221

+ tan4 ( )K2sE

 212 
2
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
+K2dE

 211 
2
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
+KdKsE

 211

E

 222

+KdKsE

 212

E

 221

+K2sE

 212 
2
22

  2 tan2 ( )K2dE

 211 
2
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  2 tan2 ( )KdKsE  211E  222
  2 tan2 ( )KdKsE

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
E

 221
  2 tan2 ( )K2sE  212 222
  tan4 ( )E R2xE R2x  E R2xE R2x (A.67)
134
A.4 Moment E [R41]
=
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tan2 ( )E2

R2x

+ tan2 ( )E2

R2y

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tan2 ( )  12K2dE  211 221
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 
tan2 ( )  12KsKdE  211E  222
+
 
tan2 ( )  12KsKdE  212E  221
+
 
tan2 ( )  12K2sE  212 222 (A.68)
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1
cos4 ( )

tan2 ( )
 
E

R2x
  E R2y2
+K2d
 
tan2 ( )  12  E  211 221  E  211E  221
+K2s
 
tan2 ( )  12  E  212 222  E  212E  222 (A.69)
=
1
cos4 ( )

tan2 ( )
 
E

R2x
  E R2y2 +   tan2 ( )  12 (A.70)
where
 = K2d
 
E

 211 
2
21
  E  211E  221+K2s  E  212 222  E  212E  222
(A.71)
A.4 Moment E

R41

R41 =
 
R2x sin
2 ( ) +R2y cos
2 ( ) + sin ( ) cos ( )
 
RxR

y +R

xRy
2
(A.72)
= R4x sin
4 ( ) + 2R2xR
2
y sin
2 ( ) cos2 ( ) + 2 sin3 ( ) cos ( )R2x
 
RxR

y +R

xRy

+R4y cos
4 ( ) + 2 sin ( ) cos3 ( )R2y
 
RxR

y +R

xRy

+ sin2 ( ) cos2 ( )
 
RxR

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
xRy
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(A.73)
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E
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R4x

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
R2xR
2
y

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
R4y

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RxR

y +R

xRy
2i
(A.74)
A.5 Moment E
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
R42 =
 
R2x cos
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A.6 Simplication of E
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  E2 R21
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
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
R4x

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
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
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
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
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
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E
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
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E
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 
tan2 ( )E
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A.7 Simplication of E

R42
  E2 R22
E

R42
  E2 R22
= cos4 ( )E

R4x

+ 2 sin2 ( ) cos2 ( )E

R2xR
2
y

+ sin4 ( )E

R4y

+ sin2 ( ) cos2 ( )E
h 
RxR

y +R

xRy
2i  cos4 ( )E2 R2x
  sin4 ( )E2 R2y  2 sin2 ( ) cos2 ( )E R2xE R2y (A.82)
= 2 cos4 ( )E2

R2x

+ 2 sin2 ( )E2

R2y
  cos4 ( )E2 R2x
  sin4 ( )E2 R2y+ 2 sin2 ( ) cos2 ( )  E R2xR2y  E R2xE R2y
+ sin2 ( ) cos2 ( )E
h 
RxR

y +R

xRy
2i
(A.83)
=
1
cos4 ( )
 
E2

R2x

+ 2 tan2 ( )E

R2x

E

R2y

+ tan4 ( )E2

R2y

+4 tan2 ( )
 
E

R2xR
2
y
  E R2xE R2y (A.84)
=
1
cos4 ( )
 
E

R2x

+ tan2 ( )E

R2y
2
+ 4 tan2 ( )

(A.85)
A.8 Generalised Correlation Coecient Expres-
sion
The expression of the generalised correlation coecient is obtained by substitut-
ing the results of Sections A.3, A.6 and A.7 into (A.1).
p =
E [R21R
2
2]  E [R21]E [R22]p
(E [R41]  E2 [R21]) (E [R42]  E2 [R22])
(A.86)
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
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2
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